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ABSTRACT 


The  research  goals  of  this  ONR  sponsored  University  Research  Initiative  entitled  “Materials  for  Adaptive 
Structural  Acoustics  Control”  relate  directly  to  the  sensing  and  actuating  material  which  must  be  integrated  to 
function  in  adaptive  control  of  acoustic  structures.  This  report  documents  work  in  the  second  year  of  the  program 
and  for  convenience  the  activities  are  grouped  under  the  headings  General  Summary  Papers,  Materials  Studies, 
Composite  Sensors,  Actuator  Studies,  Integration  Issues,  Processing  Studies,  and  Thin  Film  Feiroelectrics. 

The  general  papers  cover  a  new  comprehensive  description  of  foroelectric  ceramics  and  their  triplications, 
analysis  of  high  temperature  piezoelectric  sensors  and  the  possible  application  of  nonlinearity  in  enhancing  the 
“smartness"  of  ceramics  and  composites.  Scale  effects  on  ferroics  are  of  increasing  interest  and  the  manner  in  which 
nano-scale  polar  regions  control  the  properties  of  telaxor  ferroelectrics  is  again  emphasized. 

For  matoial  studies  the  detailed  examination  of  the  evolution  of  diffuse,  then  telaxor  behavior  in  lanthanum 
modified  lead  titanate  has  been  completed.  Interest  in  the  soft  PZTs.  relaxor  and  phase  switching  materials 
continues,  with  a  new  thrust  developing  towards  a  mote  complete  description  of  domain  walls  and  morphotropic 
phase  boundaries  in  perovskites.  Materials  issues  in  the  wear  out  and  fatigue  effects  in  polarization  switching 
systems  have  been  subjected  to  detailed  evaluation  and  the  precautions  necessary  to  fabricate  long  lasting  materials 
which  will  stand  10^  switches  without  any  fatigue  are  delineated. 

Sensor  studies  have  continued  to  focus  on  flextensional  composites  and  have  demonstrated  both  the  very 
high  hydrostatic  sensitivity  and  the  amplified  actuation  response  of  this  configuration.  Integration  of  sensors  with 
the  “moonie”  actuators  has  been  accomplished  in  individual  cells.  Actuator  studies  cover  the  gamut  firom  highly 
reproducible  micro  positioning  using  electrostrictive  compositions  to  high  strain  polarization  switching  shape 
memory  ceramics  ctqKible  of  driving  a  latching  relay  device.  Studies  of  the  destruct  mechanisms  in  practical  MLA 
systems  complement  the  earlier  materials  work  and  show  the  importance  of  internal  electrodes  and  ''cnsequent  stress 
concentrations  for  crack  initiation.  Integration  studies  have  focused  upon  more  detailed  evaluation  of  1:3, 2:2  and 
tubular  1:3  composites  and  upon  the  influence  of  the  polymer  characteristic  and  of  face  plates  and  edge  guards  upon 
sensing  and  actuation  capabilities.  In  processing,  the  interest  in  dielectrophoretic  forming  of  composites  is 
continuing  and  assembly  of  interesting  1:3  composites  is  demonstrated.  Guidelines  for  the  transducer  :y>plication  of 
electrostrictive  materials  have  been  formulated  and  a  useful  classification  scheme  proposed.  In  fiber  PZTs  techniques 
for  fabricating  thin  (30  ti)  fibers  are  demonstrated,  the  first  successful  technique  for  poling  fibers  is  described  and  it  is 
shown  that  properly  poled  fibers  have  electro-elastic  characteristics  similar  to  bulk  material.  Film  p^)»s  are  selected 
to  reflect  the  transducer  capabilities  of  lead  titanate  and  of  phase  switching  lead  zirconate  titanate  stannate 
antiferroelectric  compositions. 
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ELECTROMECHANICAL  NONLINEARITY  OF 
FERROELECTRIC  CERAMICS  AND  RELATED 
NON-180*  DOMAIN  WALL  MOTIONS 

SHAOPING  U.  WENWU  CAO,  R.  E.  NEWNHAM  and  L.  E.  CROSS 
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Using  an  optical  interferometer  and  other  experimental  techniques,  the  mechanical  and  dielectric 
response  of  lead  mcoaaie  titanate  Pb(Zr,Ti,  .,)0)  ceramics  to  an  a,c.  electric  Geld  have  been  inves¬ 
tigated  directly.  The  experimental  results  demonstrate  the  importance  of  the  domain  wall  motion  in 
generating  the  electromechanical  nonlinearities  in  ferroelKtric  ceramics.  It  has  been  vetiGed  that  the 
couplings  between  the  acoustic  vibrations  and  the  movement  of  domain  walls  is  an  important  factor  in 
terms  of  extrinsic  properties  of  ferroelectric  polycrystalline  materials,  A  phenomenological  theory  has 
been  extended  to  des^be  the  extrinsic  contributions  to  the  piezoelectric,  elastic  and  dielectric  prop¬ 
erties,  These  effects  can  be  attributed  to  both  the  Unear  and  nonlinear  vibrations  of  non-180°  domain 
walls  in  ferroelecttic  ceramics.  The  proposed  theory  shows  quaUtative  agreement  with  the  experimental 
results. 
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I.  INTRODUCTION 

Electromechanical  nonlinearity  in  ferroelectric  polycrystalline  materials  is  an  im¬ 
portant  problem  in  modem  ultrasonic  engineering.  Ferroelectric  ceramics  are  widely 
ur:d  as  transducers,  resonators,  actuators,  motors,  and  capacitors  which  represent 
a  very  large  segment  of  the  electroceramics  market.  One  of  the  limitations  of 
ferroelectric  transducers  for  practical  use  are  the  nonlinear  effects  which  occur  at 
high  drive  level,‘~*  because  ferroelectric  ceramics  are  the  strongest  known  nonlinear 
piezoelectric  materials.''  Moreover,  techniques  for  fabricating  ferroelectric  thin 
films  have  made  great  progress  during  recent  years  leading  to  the  possibility  of 
utilizing  nonlinear  phenomena  of  ferroelectric  polycrystalline  thin  film  devices  in 
conjunction  with  integrated  circuits.  Significant  nonlinear  phenomena  in  thin  films 
can  be  observed  under  voltages  of  less  than  a  volt.  In  practical  applications,  the 
nonlinearity  of  ferroelectric  polycrystalline  materials  directly  influences  the  per¬ 
formance  of  microwave  acoustic  devices  such  as  convolvers  and  correlators.^'’  The 
so-called  “smart  ceramic  systems” incorporating  sensors  and  actuators  also  need 
to  exploit  the  nonlinear  properties  of  ferroelectric  ceramics.  In  short,  on  certain 
occasions,  one  wants  to  avoid  the  nonlinearities,  while  on  other  occasions  one 
wants  to  benefit  from  them.  Therefore,  from  a  tedinolo^cal  point  of  view,  it  is 
important  to  study  the  nonlinear  electromechanical  properties  in  ferroelectric  ce¬ 
ramics  so  as  to  optimize  the  choice  of  piezoceramics  most  suitable  for  transducers, 
actuators,  resonators,  ultrasonic  motors  and  other  acoustic  devices,  as  well  as  to 
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develop  new  types  of  nonlinear  electronic  devices  such  as  frequency  mixers  and 
doublers,  and  piezoelectric  thin  film  devices. 

Tlie  piezoelectric  effects  in  ferroelectric  ceramics  are  caused  by  two  mechanisms: 
(1)  the  intrinsic  piezoelectric  effect"'*^  connected  with  the  deformation  of  each 
unit  cell  of  the  ferroelectric  material  by  an  electric  field  and  (2)  the  extrinsic 
piezoelectric  effect‘d' that,  for  example  in  lead  zirconate  titanate  (PZT)  system, 
refers  to  the  motion  of  npn'lSff  domain  walls  and  the  movement  of  the  interphase 
phase  boundary  between  the  tetragonal  and  rhombohedral  phase  regions.'^  It  is 
believed  that  the  piezoelectric  effect  in  polycrystalline  ferroelectrics  is  caused  not 
only  by  the  ionic  displacement  in  connection  with  the  change  of  the  polarization 
magnitude,  but  also  by  the  movements  of  domain  walls  and  interphase  boundaries. 
Studies  on  materials  such  as  BaTiOj  and  PZT^''  have  shown  that  as  much  as  60% - 
70%  of  the  piezoelectric  moduli  values  may  originate  from  the  extrinsic  contri¬ 
butions.  In  fact,  the  performance  of  many  transducers,  actuators  and  capacitors 
are  based  on  the  control  of  domain  structures  under  applied  electric  field.  Micro- 
structure  investigations'^'^  showed  that  the  poled  ferroelectric  ceramics  contain  a 
large  number  of  non-180°  domain  boundaries  which  strongly  affect  their  electro¬ 
mechanical  behavior. In  general,  these  domain  structures  give  rise  to  complex 
linear  and  nonlinear  behavior  which  is  very  sensitive  to  the  quality  of  the  sample 
and  its  defect  concentration,  as  well  as  the  external  boundary  conditions. 

Even  though  the  investigation  of  the  electromechanical  nonlinearity  in  ferro¬ 
electrics  has  been  carried  on  for  the  last  three  decades,  most  of  the  studies”'** 
are  based  on  thermodynamic  theory  only,  without  considering  the  dynamics  of 
domain  walls.  Very  little  work^'’^^  has  been  done  to  describe  the  behavior  of 
electromechanical  nonlinearity  in  terms  of  domain  wall  motion,  even  though  the 
domain  wall  motion  plays  a  dominant  role  over  a  wide  range  of  external  field  levels, 
and  also  the  frequency  response  of  domain  wail  motions  spans  a  range  from  almost 
zero  hertz  to  the  microwave  regime.  Moreover,  a  number  of  ambiguities  still  remain 
in  this  area  due  to  the  lack  of  sufficient  information  about  the  relationship  between 
electromechanical  coefficients  and  the  motions  of  non-18(r  domain  walls  and  the 
movement  of  interphase  boundaries. 

Here,  it  should  be  mentioned  that  one  of  the  challenges  facing  materials  scientists 
is  to  develop  a  scientific  foundation  for  the  understanding  and  the  rational  design 
of  sophisticated  material  systems  with  novel  microstructures  as  well  as  multiple 
functional  ciiaracteristics.  At  present,  the  major  shift  in  ferroelectric  research  and 
development  is  underway  from  single-crystal  devices  to  fully  integrated  polycrys- 
talline  thin  film  devices  in  which  the  ferroelectric  elements  are  an  integral  part  of 
the  silicon  or  GaAs  integrated  circuit,  or  very  elegant  micro-transducers  with  mul¬ 
tiple  functions  for  various  applications.  The  key  issue  for  this  development  is  from 
t»‘.n<tr;il  (|ii:ililativ(;  iiivcslipnlion  of  physical  proiM'.rtics  of  |)olycrystalliiic  materials 
tuwaids  mure  quantitative  exainiiiatiuii  ul  Uic  tclaliuiisliip  between  the  iiiiciustiuc- 
tures  and  macroscopic  properties.  Basically,  it  has  been  known  that  one  of  the 
simplest  types  of  composite  with  piezoelectric  constituents  is  a  single  phase  poly- 
crystailine  aggregate,  with  grains  made  of  the  same  piezoelectric  substance  but 
with  mismatched  orientations  of  the  crystallographic  axes  at  the  grain  boundaries. 
Since  the  micro-piezoelectricity  combining  micromechanics  and  microelectronics  is 
of  great  significance  in  microferroelectricity,  the  quantitative  study  of  the  rela- 
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tionship  between  the  microstructure  and  related  properties  in  polycrystailine  ma¬ 
terials  is  the  basis  for  further  development  in  microferroelectricity. 

It  is  the  objective  of  this  work  to  evaluate  the  linear  and  nonlinear  elastic, 
dielectric,  and  piezoelectric  coefficients  arising  from  the  domain  wall  motions,  and 
to  form  a  tentative  model  based  on  the  observed  linear  and  nonlinear  effects  in  an 
attempt  to  gain  some  physical  insight  into  the  relationship  between  domain  wall 
motions  and  nonlinear  electromechanical  properties  in  ferroelectric  ceramics.  This 
paper  is  structured  as  follows:  in  sections  II  and  Ill,  we  present  a  general  description 
of  the  electromechanical  properties  arising  from  the  non-280°  domain  wall  motions 
in  the  ferroelectric  ceramic.  Through  considering  the  macroscopic  nonlocal  motion 
of  domain  walls  in  the  presence  of  external  fields,  we  obtain  expressions  for  a 
number  of  experimentally  accessible  quantities.  In  section  IV,  we  show  some  ex¬ 
perimental  results  which  characterize  the  dynamic  electromechanical  response  of 
the  PZl'  ferroelectric  ceramics.  Some  of  the  experimental  results  strongly  support 
our  approach  to  the  problem. 


II.  THEORETICAL 

2.L  Domain  and  Interphase  Structures 

In  a  Pb(Zr,Tii  -  j,)03  system  with  composition  near  the  morphotrophic  phase  bound¬ 
ary,  the  tetragonal  and  rhombohedrd  phases  coexist.  Therefore,  besides  the  18(f 
domain  wall,  there  are  71*,  110*  and  90*  domain  walls.  Also  interphase  boundaries 
between  the  two  phases  exist.  Here,  we  do  not  discuss  the  case  for  180*  domain 
walls.  The  180*  domain  wall  motion  does  not  significantly  affect  the  piezoelectric 
and  electromechanical  properties  because  the  spontaneous  deformations  of  the 
antiparaliel  domains  are  the  same.*'-*^  In  order  to  investigate  systematically  the 
relationship  between  linear  piezoelectric  effect  and  the  non-180*  domain  wall  mo¬ 
tions  in  ferroelectric  ceramics,  Arlt  et  first  presented  a  phenomenological 
model  for  the  vibrating  90*-domain  wall  under  electric  field  and  mechanical  stress 
to  describe  the  linear  piezoelectric  behavior  of  ferroelectric  ceramics.  We  have 
generalized  this  model  to  describe  the  nonlinear  effects  resulting  from  the  vibrating 
90*-domain  walls.” 

Here,  we  will  try  to  model  non-180*  domain  wall  motions  for  the  cases  of  rhom- 
bohedral  phase  and  interphase  conversion  between  the  tetragonal  and  rhombo- 
hedral  regions,  respectively.  As  we  know,  the  symmetry  of  the  ferroelectric  phase 
is  fully  determined  by  the  symmetry  of  the  parent  phase.  The  spontaneous  polar¬ 
ization  has  equal  probability  to  lie  in  all  tlw  equivalent  directions  prescribe  by 
the  prototypic  form  from  which  the  ferroelectric  phase  is  derived.  From  phenom¬ 
enological  theory,”  we  can  find  eight  energetically  equivalent  variants  in  the  rhom- 
bohedral  ferroelectric  stable  states  of  PZT  system  as  following: 

I.  (P„  Pj,  Pa),  II.  (P„  Pj,  - P,),  m.  (- P,.  Pj,  P,), 

IV.  (P„  -Pj,  Pa),  V.  (-Pa,  Pa,  -Pa).  VI.  (P,.  -P,.  -Pa), 

VII.  (-P„  -Pa,  Pa),  VIII.  (-P„  -Pa,  -P3)  (1) 

where  PX<  *=  1,  2,  3)  are  the  components  of  the  spontaneous  polarization  Pq  in 
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Cartesian  coordinates,  P\  P\  =  P\  =  Pq/^.  Accordingly,  the  spontaneous 
strain  under  zero  stress  conditions  can  be  written  as: 

^11  “  ^22  ~  ^33  ~  iQn  2Qi2)Po/3 

5|2  =  044^1^29  ^23  ~  C4«PaP3>  •^13  =  QA4P1P3 

where,  are  the  electrostrictive  coefficients.  Obviously,  the  normal  components 
of  Sii  are  the  same  for  all  of  the  orientation  states,  and  the  shear  components  of 
the  spontaneous  strain  tensor  in  the  corresponding  Equation  (1)  have  the  following 
forms: 

I(VIII).  5,2  =  523  =  53,  =  ^  PI;  II(VJI).  5,2  -  -523  =  -53,  =  ^  PI; 
III(VI).  5,2  =  -523  =  53,  =  ^  Ph 

IV(V).  5,2  =  523  *  -53,  *  ^  PI  (3) 


These  eight  low  temperature  variants  will  form  180°,  71“  and  110“  twin  structures. 
For  instance,  the  polarization  vectors  in  a  twin  structure  between  states  (1)  and 
(VII)  form  a  angle  6, 

e  =  cos-*(«,„-nii,)  *  cos‘*  “  110“ 


where  r,„  and  are  unit  vectors  in  (111]  and  [ill],  respectively.  The  twin 
boundary  is  then  called  110“  domain  wall.  We  choose  primed  and  unprimed  co¬ 
ordinate  systems  for  a  basic  piezoelectric  element  as  shown  in  Figure  1,  which 
contains  a  single  110”  domain  wall  and  separates  the  polarization  states  (I)  and 
(VII).  In  the  primed  system,  domain  wall  is  located  in  z'  »  o  plane.^  A  displace¬ 
ment  dJ  ot  the  domain  wall  gives  rise  to  a  change  in  the  electric  dipole  moment 
hP,  in  volume  AM,’*’’* 


6>  =:^AMPo 


(4) 


A/  is  the  displacement  of  the  domain  wall  and  A  is  the  area  of  the  vibrating  domain 
wall  per  unit  volume.  This  movement  of  domain  wails  also  induce  a  change  in  the 
elastic  dipole  moment,  which  in  the  primed  coordinate  can  be  written  as 


W’ 


0  0  n 


AM5o 


0  0  1 

U  1  oj 


(5) 


where. 
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FIGURE  1  (a)  A  basic  element  of  a  twin  structure  in  a  rhombobedral  ferroelectric  ceramic,  (b)  The 
unprimed  and  primed  coordinate  systems.  The  relative  orientation  is  characterized  by  the  Eulerian 
angles  (♦.  ♦,  8). 

where,  Pq  and  S„  are  the  spontaneous  polarization  and  strain,  respectively,  in  the 
rhombohedrai  phase.  Finally,  in  {x,y,z)  coordinate  system,  the  changes  of  induced 
electric  and  elastic  dipoles  can  be  obtained  through  a  coordinate  transformation: 

hP,  =  ^APM^,  >1^)  (6) 


=  AlASoFti(e,  <t,  (7) 

where 

/,  =  [cos  <t>(cos  'I'  -  sin  cos  0  sin  ^(sin +  cos  ^)1,  /j  =  [sin  4>(cos 

^  -  sin  ^)  +  cos  0  cos  <l>(sin  ^  +  cos  H')),/}  =  sin  0(cos  ^  +  sin  ^); 
and 

F„  =  2  sin  0  sin  d>(cos  ^  cos  tl>(cos  -  sin  'F)  -  sin  4>  cos  0(cos  'I'  +  sin 

^)], 

F-a  -  2  sin  0  cos  ♦[sin  ♦(cos  ♦  -  sin  ♦)  +  cos  0  cos  ♦(cos  ♦  +  sin  ♦)], 

F33  =  2  cos  0  sin  0(sin  ♦  +  cos  ♦), 
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Fi3  =  sin  <l>(cos  ^  +  sin  ^)[cos^0  -  sin^0]  +  cos  0  cos  <I>(cos  +  sin 
F2J,  -  cos  0[sin  4>(cos  -  sin  M')  +  cos  cos  0(cos  'I'  +  sin  'i')]  -  sin^  cos 
‘l>[cos  +  sin  'I'l, 

F,2  =  sin  0(cos  'i'  -  sin  H'). 

Next,  let  us  discuss  the  case  of  interphase  conversion  in  the  ferroelectric  ceramic. 
It  is  known'^  that  the  tetragonal  (7)  and  rhombohedral  (R)  ferroelectric  phases 
coexist  in  the  PZT  system  for  compositions  near  the  MPB.  According  to  SEM, 
SAED  and  TEM  results,  the  domain  structure  in  PZT  ceramics  with  compositions 
near  the  MPB  consists  of  alternating  T  and  R  phase  layers  which  resemble  the  90° 
domain  structure  in  tetragonal  distorted  ceramics.  Based  on  experimental  results, 
Lucuta  proposed”'^  a  layered  model  of  ferroelectric  domains  r,/?r2/?r,,  assuming 
the  R  domains  are  in  between  two  different  oriented  T  domains  as  shown  in  Figure 
2.  With  a  rhombohedral  phase  in  between  two  90°  tetragonal  domains,  the  polar¬ 
ization  direction  changes  as  follows:  (001 J — (111] — (010] — (111] — (001],  corre¬ 
sponding  to  a  repetitive  domain  sequence  TtRT2RTi  .  .  .  The  interphase  tmundary 
conversion  will  induce  changes  in  the  electric  and  elastic  dipole  moments.  As  an 
example,  when  the  polarization  along  the  (111]  direction  in  a  /f  domain  is  switched 
into  the  polarization  along  the  [001]  direction  in  a  7  domain,  the  induced  electric 
and  elastic  dipole  moments  in  the  primed  coordinate  system  are: 


-»  P  ^ 

8P'  =  AM  1 

^  l-(V3  -  1) 


M„  «,2  H,3 

hU'  -  AM  U21  U22  U23 
Msi  “32  “33. 


<UOU  — <MU— IOI*»  —  <IM»  —  (UOO 

,•  «  5  r  <*>> 


HGURE  2  (a)  Packing  model  of  T-H  twin-related  domains  along  the  (011)  habit  plane  showing  the 
coexistence  of  T  and  ft  ferroelectric  phases  in  PZT  at  the  MPB  [After  Lucuta  Refetence  20].  (b)  A 
bask  element  of  the  intetphase  boun^ry  in  the  PZT  system  at  the  MPB. 
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where, 


Mi2  =  *  «23 


«U  “  «22  = 


(On  -  Qu) 

3 


PI 


0» 


u  -  Otz)  p2 

M33 - 2  ^  0 


Note;  here  we  assume  that  the  magnitude  of  the  spontaneous  polarization  in  the 
rhombohedral  phase  is  equal  to  that  in  the  tetragonal  phase,  and  all  coefficients 
On.  O12.  anti  Q44  are  the  same  in  both  phases.  Finally,  in  the  (x,  y,  z)  coordinate 
system,  the  changes  of  electric  and  elastic  dipole  moments  can  be  written  as: 

8P,  =  l^,)[8P;i;  18£;„1  =  (10) 


■  cos  'F 

sin  'I' 

O' 

1 

0 

0  ■ 

’  cos  <!» 

sin  0 

0 

-sin  'I' 

cos 

0 

0 

cos  0 

sin  0 

-sin  4> 

cos 

0 

0 

0 

1 

0 

-sin  0 

cos  0. 

0 

0 

1 

2.2.  The  Model 

Generally  speaking,  the  domain  wall  motion  is  accomplished  by  a  succession  of 
steps  beginning  at  initiating  nuclei,^-^  but  in  the  sideways  motion  of  the  non*180°, 
this  may  not  be  exactly  true.^  The  entire  ceramic  specimen  is  a  complex  electro¬ 
mechanical  system  with  the  domain  wails  in  different  grains  having  different  ori¬ 
entations  and  different  boundary  conditions.  The  movements  of  the  domain  walls 
are  not  independent;  there  are  strong  interactions  between  them.  The  microscopic 
process  for  individual  domain  wall  motion  is  rather  complicated  and  not  well  under¬ 
stood.  However,  if  we  are  only  interested  in  the  macroscopic  effects  resulting  from 
the  collective  motion  of  domain  walls,  the  microscopic  details  of  each  individual 
domain  may  be  neglected. 

In  this  analysis,  we  assume  that  the  average  displacement  of  a  domain  wall  in  a 
certain  direction  is  quasi-one  dimensionid,  i.e.,  the  wall  moves  as  a  plane  without 
bending.  Figure  3  shows  the  variation  of  the  wall  energy  as  a  function  of  position 


FIGURE  3  Schematic  plot  of  the  energy  potentid  for  iiqii-180'  domain  watt  motion  in  PZT  ceramic*. 


32 


S.  LI  tt  al. 


ill  a  ceramic  sample.  The  height  of  the  potential  barrier  (<I>,  +  4»2)  is  the  minimum 
<’i\<'ryy  rcfjuired  for  the  wall  to  relocate  from  a  depoling  state  to  the  poled  state, 
d',,,  is  the  height  of  potential  butiicr  lot  a  non  IHO"  ifomain  wall  going  across  one 

(liMaiii'iv 

In  U  dC|H>laii/cd  ceiuniic  sautitlc,  all  tloiiiain  walls  an-  laiiilianlv  ma'iilril.  aial 
the  distribution  of  domain  walls  possesses  the  symmetry  of  «xx./n.  Obviously,  dnniaiii 
walls  are  located  at  the  minima  of  the  potential  energy  (2  =  0). 

When  an  external  ac  field  is  applied,  the  domain  walls  oscillate.  However,  as 
long  as  the  magnitude  of  the  domain  wail  vibration  is  not  very  large,  the  macroscopic 
potential  energy  for  domain  wall  motions  is  symmetric  with  respect  to  the  2  axis, 
i.e.  1/(A2)  =  1/(-A2).  The  situation  is  different  for  a  poled  ceramic.  During  the 
poling  process,  the  domain  walls  overcome  certain  energy  barriers,  and  move  into 
new  equilibrium  positions.  As  shown  in  Figure  3,  the  new  positions  are  metastable 
states  (2  =  n,  or  2  =  -a).  After  the  Geld  is  removed,  the  orientation  distribution 
of  the  domain  walls  becomes  conical  in  the  poled  samples.  The  potential  for  domain 
wall  motion  is  no  longer  symmetric  in  the  poled  state,  i.e.  U{a  -  A2)  ^  u(n  + 
A2). 

it  also  has  been  shown  experimentally  that  the  domain  wail  motion  in  a  poled 
ceramic  is  highly  nonlinear.  Therefore,  the  potential  energy  for  the  domain  wall 
motion  may  be  expanded  as  a  polynomial  fiiiKtion  of  the  domain  wall  displacement”: 

M  =*  Uq  ^  ^  ^  Al*  +  higher-order  terms  (11) 


where  Uq  is  the  residual  energy  of  a  domain  boundary,  which  is  assumed  to  be 
independent  of  the  domain  wall  motion.  The  presence  of  the  third  power  term 
describes  the  asymmetric  feature  of  the  domain  wall  motion  in  a  ferroelectric 
ceramic.  The  odd  terms  will  be  zero  if  domain  wall  vibrations  take  place  around 
a  potential  energy  minimum  of  the  domain  wall.  Therefore,  the  differentia]  equation 
of  the  forced  vibration  of  a  non-180*  domain  wall  in  a  ferroelectric  ceramic  may 
be  expressed  as  follows”-”'”: 


AmAl  +  AbAl  +  ~  = 
bM 


BAl  bAl } 


(12) 


where  m  represents  the  effective  mass  of  the  domain  wall,  b  is  the  damping  constant, 
and  the  dots  on  top  of  Al  represent  the  derivatives  with  respect  to  time.  The  third 
term  is  the  restoring  force.  and  are  the  energies  of  the  average  electric 
and  elastic  dipoles  (6P^  and  {hUt^  induced  by  the  electric  field  and  stress,  respec¬ 
tively,  which  may  be  written  as 

"(H'e  +  »Vm)  =  (2  (13) 

In  general,  the  electric  and  elastic  driving  frequencies  are  different,  «i,  ^  012.  The 
physical  origins  of  the  restoring  force,  damping  effects  and  effective  mass  have 
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been  discussed  separately  by  several  scientists.^'^^  If  we  consider  only  the  first 
three  terms  of  the  restoring  force.  Equation  (12)  becomes 

Antl^I  +  Abiil  +  ACiM  +  AC^iiJ^  +  (12') 

\d^  dA/  / 

This  equation  describes  the  interrelationship  between  the  amplitude  of  the  non- 
180°  domain  wall  vibration  and  the  stiffness  of  the  materials.  The  condition 

C,A/ »  C2A/^  CjA/^ 

allows  one  to  employ  a  perturbation  method^  in  solving  Equation  (12*).  Approx¬ 
imate  values  can  be  obtained  for  the  induced  polarization  6f*,  and  strain  86/, y 
resulting  from  the  motion  of  non- 180°  domain  walls.  The  detailed  solutions  are 
presented  in  Reference  33.  According  to  Fousek  and  Brezina,“  the  resonant  fre¬ 
quency  of  domain  walls  is  much  higher  than  the  frequencies  used  in  our  experi¬ 
ments,  which  are  less  than  1  MHz.  Thus,  the  inertia  term  can  be  neglected.  This 
means  that  the  damping  is  sufficiently  strong  that  Equation  (12')  can  be  simplified 
to  a  relaxation  equation. 


III.  LINEAR  AND  NONLINEAR  COEFFICIENTS 


We  now  consider  the  linear  and  nonlinear  dielectric,  piezoelectric,  and  elastic 
properties  associated  wth  the  110°  domain  wall  motion  in  ferroelectric  ceramics. 
The  average  induced  polarization  and  strain  can  be  calculated  by  averaging  86/yy 
and  8Py  over  all  domain  wall  orientations  in  the  sample.'^*'*  APy  »  <5Py),  and  Al/yy 
=  (bUij)  may  be  expressed  as: 

AP (  =  (Aeu^  +  Ariji,Ej]Ei,  +  ^QmEfTi 

+  ^ifipE/EtEf,  +  ECtfuEiEkTi  +  .  .  . 

Al/,  =  [Ad;,  +  EQ',„E,\Ef  +  [A5m  +  AA„„r„ir„  -F  2Ae;*„.£»r„  (14) 

+  ^G'lfuEtEfEk  +  AWif^iEfT„  +  .  .  . 

(ii  it  Kp  *  1. 2,  3  and  /,  »,  m  =»  1,  2,  3,  4,  5,  6) 

In  these  expressions,  AP,  is  the  total  induced  average  polarization,  and  A6/,  is 
the  average  strain  component  in  Voigt  notation,  T„  is  the  stress,  and  Et,  is  the 
electric  field  and  the  expansion  coefOcients  are  defined  below.  'The  coefficients 
Ad;t,  -  <8dft/)  are  the  extrinsic  piezoelectric  constants  of  a  ceramic  sample: 

Ad„  =  dll.  £  ~  SoPoK{i»,)fkF^m  de  (15) 


where 


F2^Fn,F, 
Ag(T)  dr 
C,(l  +  /«/r) 


^33»  F4  »  Fz3,  Fs  —  Fij,  Ps  —  Pj2,  and. 
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Note;  Adn,  depends  on  <i>2,  the  frequency  of  the  applied  elastic  Held,  and 
depends  on  u>,,  the  frequency  of  the  applied  electric  field.  g(T)  is  the  relaxation 
time  di.stribution'^  '*  assuming  there  exists  more  than  one  relaxation  time.  Z(0)  is 
the  distribution  function  of  domain  wall  orientations  obtained  during  the  poling 
process.  All  quantities  having  the  A  symbol  are  caused  by  110°  domain  wall  vibra¬ 
tions  only.  The  values  of  ASf„  =  i^in)  and  are  the  extrinsic  elastic 

and  dielectric  parameters  of  the  ceramic: 


SlKMF,F,Z(e)  dS 
dij,  ^  de 


(16) 


where  AQ,j,  =  (hQi/,)  (electrostrictive  coefficients)  and  Ar.y*  =  (Sr,,*)  (nonlinear 
dielectric  coefficients)  can  be  expressed  as  follows; 


f  d4f  ^  5oPgX'(a>..  i^)fJjF,Z{e)  dB 

AQ;//  =  dij.  ^  S^lK'MJfF^iB)  dB 


where 


K'M 


K'ivii,  wz) 


_ C2Ag{-r)  dr _ 

4Ci(l  +  2/«it)(1  +  ;u>|T)*  ’ 

_ Cy4y(T)  dT _ 

4C,(1  +  j[u>2  +  «jW(1  +  >WiT)(1  +  /WjT) 


and 

Ar,„  =  JJ’ d^  rfilr  -2PIK'MJJ^(B)  dB  (18) 

Here,  we  should  point  out  that  the  contributions  of  domain  wall  motion  to  the 
electrostrictive  coefficients  AQijf  and  the  nonlinear  dielectric  coefficients  Artii,  have 
the  same  physical  origin  as  those  of  the  electro-optical  coefficients  and  elasto- 
optical  coefficients.  In  fact,  in  hot  pressed  transparent  PLZT  ceramics  the  changes 
of  the  remnant  polarization  give  rise  to  changes  in  the  birefringence  because 

of  the  non-180°  domain  reversal  induced  by  an  external  field. 

The  electroacoustic  coefficients  Aeu„  «  (the  coefficients  of  the  nonlinear 

piezoelectric  effect)  describe  the  change  in  the  velocity  of  elastic  waves,  and  are 
given  by: 

Ae’un d^  d^  fj  ~  P^lZi9)K'MkF,Fx.  d9 

Ae*M.  »  JJ’  d4>  did  £  ^  P^SZ(e)K’(«,.  «z)f*Fd=-„  de 

In  some  materials,'’  the  extrinsic  contribution  to  the  electroacoustic  effect  (change 
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in  velocity  of  sound  under  an  applied  electric  field)  may  be  two  orders  of  magnitude 
larger  than  (he  intrinsic  contribution.  The  third  order  elastic  coefficients  = 
are; 

d<\,  d4>  jj  -S3Z(e)/f’(a>3)F,f„F„  dQ  (20) 

There  arc  twenty  one  non-vanishing  coefficients.  The  expressions  for  the  higher 
order  nonlinear  piezoelectric  coefficients  and  dielectric  coefficients 

=  (hHijtp)  are  given  by  the  following  integrals: 

=  /J’  di>  d^  £  —  SoPlK''MfJjf,F,Zie)  de 
2  2 

■^^>'.,0  f'  •J'i'  f "  r  ivv.'»rrf^F.z(e^  de 

'  Jo  Jo  Jo  3V  3 


Where 


^  r  ( _ CiAg'(r) _ 

^  Ja  |4C?  (1  +  2/«,t)(1  +  3/«it)(1  +  /w,t)» 

_ _ Irf, 

4Ct  (I  +  3;w,t)(1  +  /u),t)’J 

K-U  =  r  ( _ +  ju>.T)-^ 

^  Jo  V4Cf  (1  +  2/«,t)(1  +  y[2«,  +  o»2Jt)(1  +  ;o 

Cy^gX^Kl  -t-  juhT)-^  \ 

4Ci(l  +  /(2o»,  +  WzhXl  +  Mt)/ 


[AH,,,]  =  JJ”  ‘/'P  I  /’Si^>i)  de 


Note  that  all  the  quantities  are  frequency  dependent.  When  electric  and  elastic 
fields  are  applied  simultaneously  with  different  frequencies,  one  finds  the  direct 
and  converse  effects  have  different  magnitude,  for  example,  if  <■>,  ^  uij,  Ad/J^uti) 
^  Adk^oiz),  therefore,  we  have  used  a  prime  on  some  of  the  constants  in  AUi  to 
indicate  their  frequency  dependence.  In  general,  the  contributions  from  71°,  110° 
and  90°  twin  structures  can  be  all  written  in  the  form  of  Equation  (14)-Equation 
(22)  except  that  the  integration  coefficients  would  be  different  in  each  case. 

If  ?!  =  0,  Equation  (14)  becomes: 

A/»,  =  +  Ar#*E/E*  +  AH^,E^p 

AVi  =  Adi^Eif  +  AQuaEiEif  +  AG^EiE^E^ 

i,  j,  k.  l.p  =  1, 2,  3 


(23) 
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The  electric  field  induced  longitudinal  strain  and  polarization  arising  from  the 
domain  wall  motion  are: 


AP3  =  Ae]3£o  +  A/y3333£u 


(24) 


Similarly,  the  shear  strain  and  related  polarization  under  the  applied  a.c.  electric 
field  are  described  by: 


At/5  ~  AdisEo  +  AGjii5£o  ^25) 

AP I  =  Aei|£j,  +  A//||||£^ 

'Itiere  are  no  second  harmonic  and  higher  even  harmonic  components  in  shear 
vibrations.  Therefore,  it  is  expected  that  the  dependence  of  Ad, 5  and  Ae,,  on  the 
alternating  electric  field  strength  should  have  different  characteristics  than  those 
of  Ad33,  Adji,  and  Ae33. 

Strictly  speaking,  under  external  forces  the  difference  in  free  energy  for  the  two 
domains  of  a  twin  is^‘: 

Ag  =  Ac,,),jO„  +  +  I  As^<r,f(Tu  +  |  Ak^£,£>  +  Ad^kEt^ik  (26) 

where,  the  first  two  terms  are  the  differences  of  the  spontaneous  strain  and  po¬ 
larization  of  the  two  domains,  which  is  primary  ferroic  effect.  The  remaining  three 
terms  in  Ag  arise  from  external  force  induced  differences  in  elastic  compliance, 
dielectric  susceptibility,  and  piezoelectric  coefficients,  which  represent  the  second¬ 
ary  ferroic  behavior.  In  this  paper,  only  the  primary  ferroic  effect  is  discussed. 
Based  on  this  viewpoint,  it  could  be  found  that  the  extrinsic  properties  of  a  twin 
structure  arise  from  the  orientational  differences  in  their  intrinsic  properties.  Ex¬ 
ternal  forces  or  fields  induce  the  differences  in  free  energy  for  the  two  domains, 
causing  domain  walls  to  move,  and  creating  the  extrinsic  contributions. 


IV.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
4.J.  Experimental  Procedure 

Several  compositions  of  the  PZT  solid  solution  system  were  selected  for  this  study. 
The  ceramic  P^Zr^,!!]  -x)03  spedmens  with  x  «  0.90, 0.70, 0.60, 0.S4, 0.52, 0.SO, 
0.40, 0.30,  and  0.15  were  prepared  by  a  conventional  mixed  oxide  technique.  The 
starting  materials  of  PZT  material  are  also  included,  both  the  powders  made  by 
the  sol-gel  method  and  the  Pb(2^o.s2Tio.48)03  +  (0.4  -  0.8%  wt.  Nb203)  powders. 
Well  sintered  ceramic  samples  were  poled  at  an  electric  field  of  30-65  kV/cm  in 
the  temperature  range  of  100*C-130*C.  These  poled  samples  were  first  checked 
with  a  commercial  Berlincourt  ^33  meter.  Values  of  the  piezoelectric  coefficients 
are  listed  in  Table  I.  In  addition,  some  ceramic  samples,  PZT-501A  and  PZT-401 
which  were  made  by  commercial  powders  form  the  Ultrasonic  Powders  Inc.,  South 
Plainfield,  NJ.  And  also  several  of  the  hard  and  soft  PZT  specimens,  PZT-5,  PZT- 
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TABLE  1 


Piezoelectric  coefficients  for  Pb(Zr,Ti,_,)Oj  ceramics.  The  measurements 
were  made  by  the  commercial  Berlincourt  meter 


Zf/n. 

9(VI0  7(y30 

6U40 

34/46 

32/a 

soao 

4(V60 

30/70 

13/83 

Demiiy 

7.44  7.53 

7.60 

7.62 

7.7 

7.4 

7.6 

7.59 

7.3 

(l(PkgAi|3) 

dn 

7  83-100 

100-170 

170-200  230-270  100-120 

90-100 

30-60 

(IO-<2nW) 

8  and  PZT-4  used  in  this  study  are  commercial  products  from  Vemitron  piezoe¬ 
lectric  division,  Bedford,  OH. 

Permittivity-temperature  runs  were  made  in  a  computer-controlled  environmen¬ 
tal  chamber  (Delta  Design  Model  2300)  using  liquid  nitrogen  as  a  cooling  agent. 
Both  heating  and  cooling  rates  are  about  S*Oniin.  Data  were  recorded  with  a 
digital  multimeter  controlled  by  a  desk  top  computer  system  (Model  9816,  Hewlett 
Packard  Inc.).  The  dielectric  response  of  the  sample  was  measured  by  using  a 
modified  Sawyer-Tower  circuit  and  a  precision  capacitance  meter  (HP  4275 A  Multi- 
Frequency  Meter).  The  piezoelectric  coefficients  were  measured  by  both  op¬ 
tical  interferometry  and  iterative  methods.  The  lesonanoe-antiresonanoe  method 
is  widely  used  for  measuring  piezoelectric  coefficients  in  weak  electric  fiekb  at 
which  the  vibrating  system  remains  linear.  However,  when  the  amplitude  of  the 
ai^lied  field  becomes  very  large,  the  resonance-antiresonance  methf^  is  no  longer 
suitable  due  to  the  nonlinearity.  Therefore,  an  interferometry  technique  was  used 
for  measurements  under  large  alternating  electric  fields,  llie  advantages  of  the 
interferometry,  apart  from  its  directness,  are  the  simplicity  in  computational  expres¬ 
sions.  In  addition,  the  measurements  can  be  carried  out  under  both  resonance  and 
non-resonance  conditions  and  are  not  limited  by  the  amplitude  of  the  external 
fields.  Moreover,  a  wide  range  of  sample  shapes  and  sizes  can  be  tolerated.  The 
HP4192  A  LF  impedance  analyzer  was  used  when  employing  the  resonance  tech¬ 
nique  which  has  been  standardized  by  IEEE."  In  measuring  the  nonlinear  param¬ 
eters,  a  sinusoidal  driving  field  was  us^  for  convenience  of  interpretation.  Resistive 
tunable  low-pass  active-filters  were  used  (Package  Date  73(V740  Series,  Frequency 
Devices,  Inc.)  in  the  measurement  system.  Samples  were  made  as  thin  as  possible 
in  order  to  achieve  a  high  field  with  low  voltage.  For  larger  displacements,  l^uation 
(2)  of  Reference  54  is  no  longer  valid,  and  the  cosine  term  in  Equation  (3)  of 
Reference  54  must  be  expanded  using  the  Fourier-Bessel  expansion.  It  is  important 
to  realize  that  the  nonlinear  output  signals  may  be  caused  by  either  the  nonlhaearity 
of  materials  or  by  the  distortion  of  the  input  signal  in  the  detecting  system.  There 
are  two  ways  to  avoid  the  detecting  system  produciog  nonlinear  output  signals.  (1) 
Using  the  quartz  as  the  pre-calibration  sample,  we  can  retrieve  the  actual  measured 
experimental  data  in  order  to  remove  the  nonlinear  contribution  of  the  detecting 
system.  (2)  Through  keeping  the  thickness  of  the  samples  down,  we  can  get  suf¬ 
ficiently  large  strains  wbUe  restricting  the  maximum  di4>lacement  of  the  sample  to 
values  less  than  140  A. 
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4.2.  Results  and  Discussions 

A.  Nonlinear  piezoelectric  and  dielectric  coefficients.  Figure  4  shows  the  pie¬ 
zoelectric  constants  the  dielectric  constants  e.^  plotted  as  a  function  of  applied 

a.c.  field  strength.  When  the  magnitude  of  the  applied  electric  field  is  below  a 
certain  limiting  value  £,  (called  the  threshold  field),  d*,  and  e^,  remain  constant. 
But  beyond  the  threshold  field  (£  >  £,),  d,^  and  increase  with  the  amplitude 
of  the  a.c.  electric  field.  E,  signifies  the  onset  of  measurable  nonlinearity,  which 
is  not  always  clearly  defined.  We  use  Mid  (Ae/e)  >  2.5% -  4%  as  the  criteria 
according  to  different  experimental  conditions.  Generally,  E,  depends  on  fre¬ 
quency,  temperature  and  material  properties.  For  instance,  for  PZT-501A  with  £ 
=  200  Hz  and  T  =  25°C,  the  threshold  field  for  the  piezoelectric  coefficient  djj 
is  approximately  300  V/cm.  Analogously,  when  the  applied  field  exceeds  a  certain 
value,  dielectric  losses  also  increa.se  drastically  with  the  amplitude  of  a.c.  electric 
fieid,^^  but  the  threshold  fields  for  the  loss  seem  to  be  smaller  than  those  for  the 
dielectric  and  piezoelectric  coefficinets.  By  using  an  oscilloscope  to  follow  the 
polarization  (P)  and  strain  (S)  under  a.c.  electric  field  (£)  at  a  given  frequency, 
it  was  found  that  the  P  and  5  vs.  £  curves  are  straight  lines  for  small  oscilla¬ 
tion  amplitudes,  but  the  average  slope  of  the  hysteresis  increases  rapidly  when 
the  amjditude  of  the  a.c.  field  exceeds  certain  values,  as  shown  in  the  inser¬ 
tion  of  Figure  4.  Since  the  non-i8(f  domain  wall  motion  is  inherently  a  lossy  pro¬ 
cess, the  strong  correlation  between  loss  and  nonlinearity  suggests  that  elec¬ 
tromechanical  nonlinearity  in  ferroelectric  ceramics  originates  mainly  from  the 


FIGURE  4  (a)  a.c.  electric  field  dependence  of  the  piezoelectric  coefficients  <f„ ,  d„,  and  <f„.  (b)  a.c. 
electric  field  dependence  of  dielectric  coeffidentt  c„,  and  t„. 
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motion  of  non*180°  domain  walls.  Spectrum  analyses  were  made  to  identify  the 
higher  harmonic  components  in  the  responses  of  polarization  and  strain.  It  is  found^^ 
that  when  the  direction  of  a.c.  field  is  perpendicular  to  the  poling  direction  of  the 
sample,  only  odd  harmonics  exist  and  the  shape  of  the  hysteresis  loops  (both  for 
strain  and  polarization  vs.  a.c.  electric  field)  is  always  symmetric.  On  the  other 
hand,  when  an  a.c.  electric  field  £  is  parallel  to  the  poling  direction,  both  odd  and 
even  harmonics  exist.  They  become  obvious  when  external  field  is  above  the  certain 
level.  The  shape  of  hysteresis  loop  is  no  longer  symmetric.  This  may  be  understood 
from  Equations  (24)  and  (25).  Assuming  =  £o  cos  wt,  from  Equation  (23),  the 
longitudinal  strain  is: 

AI/3  =  Ad33£„  +  Ar333£Jc  +  AG3333£:2c  =  ^  + 

+  +  Y.^e-^  +  YiC^i^  +  y_3e-^>-'  +  .  .  .  (27) 

where 

n  =  Ar333  f ;  Y,(w)  =  y.,(-a.)  =  (^d,,Eo  + 

nC®)*  y-2(-<-)  =  Ar333 y;  Y,(u>)  =  y_,(-u.) 

The  term  (y„e^  +  y_„e"^"")  represents  the  component  of  the  nth  harmonic 
oscillation.  Based  on  Equation  (27),  we  would  like  to  elaborate  a  few  points: 

1.  The  third  order  term  increases  the  amplitude  of  the  fundamental  frequency 
by  an  amount  of  3AG«m£S/4. 

2.  The  second  order  harmonic  term  creates  an  additional  negative  bias  field 
which  displaces  the  center  of  vibration  of  the  domain  wall. 

3.  Both  the  second  and  the  third  harmonic  vibrations  of  non-18(r  domain  walls 
contribute  to  the  induced  longitudinal  strain.  This  implies  that  the  hysteresis 
loops  of  both  P  vs.  £,  and  S  vs.  £  should  be  asymmetric  when  the  a.c  field 
is  beyond  the  certain  level.  The  situation  is  somewhat  different  for  the  shear 
strain.  From  Equation  (23),  we  have 

AI/3  =  Ad, 5  £„  +  AG,„5£2c  =  yo  +  Y^ef^ 

+  y_,e->-‘  +  y,*^  +  y_3e-^  +  .  .  .  (28) 

where 

Vo  =  0;  y,(o,)  =  y-,(-«)  =  Msfo  +  — 

Y2iio)=  y.3(-«)  *  0;  y3(«)  -  y_3(-»)  = 

There  is  no  second  harmonic  in  the  shear  strain,  which  is  in  agreement  with  the 
experimental  results.  Measurements  of  the  complex  e,y  have  been  carried  out  with 
doped  PZT  ceramics.  Figure  5  shows  the  relative  dielectric  permittivity  e,,  and  633 
of  the  PZT-5  ceramic  as  well  as  their  loss  tangents  as  a  function  of  temperature 
from  -200“C  to  50*C  at  two  different  magnitudes  of  the  applied  a.c.  electric  field. 
Figure  6  shows  the  dielectric  permittivity  e,,  and  its  loss  versus  tem  *ature  at 
different  a.c.  electric  field  strengths.  Qearly,  the  values  of  e„  and  ejj  as  well  as 
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FIGURE  S  (a)  Ch  and  t„  and  their  losses  as  a  function  of  temperature  for  a  PZT>S01A  sample,  (b) 
The  values  of  Ci,  and  t))  as  a  function  of  temperature  for  PZT-WIA  at  different  frequencies,  (c)  and 
(d)  are  the  temperature  dependence  of  dielectric  constant  Cj)  and  its  loss  for  a  PCT-S  ceramic  measured 
at  the  Field  levels  of  200  V/cm  and  SO  Vfcm,  respectively,  at  three  different  frequencies. 


FIGURE  6  Temperature  dependence  of  Cjj  and  its  tan  ft  of  a  PZT-501 A  sample  at  different  magnitudes 
of  a.c.  fields. 


their  losses  are  quite  different  at  high  temperatures,  these  differences  become 
smaller  as  temperature  decreases.  This  may  reveal  that  part  of  the  difference 
between  en  and  ejj  may  come  from  the  domain  boundary  vibrations  which  are 
frozen  out  at  very  low  temperatures.  It  is  found  that  PZT  with  composition  near 
the  morphotropic  boundary  has  one  relaxation  region  in  the  low  temperature  re¬ 
gime,  which  has  been  also  observed  by  others.^  The  interesting  thing  is  that  under 
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a.c.  external  field,  a  pseudo  relaxation  peak  can  be  observed  (Figure  S(c))  in  a 
very  broad  frequency  range,  which  can  be  interpreted  as  the  “clamping”  of  the 
large  magnitude  movement  of  domain  walls.  In  Reference  33,  it  has  been  shown 
that  the  threshold  fields  of  the  piezoelectric  coefficients  increase  with  aging  time, 
which  is  another  strong  implication  that  the  threshold  field  is  closely  related  to 
non- 180°  domain  wall  motion,  because  the  reduction  of  the  non-180°  domain  wall 
mobility  is  responsible  for  the  aging  phenomena  in  ferroelectric  ceramics.^  It  is 
also  fouiid’^  that  the  threshold  field  strengths  of  the  dielectric  and  piezoelectric 
coefficients  decrease  with  increasing  the  magnitude  of  an  applied  positive  d.c.  bias 
field  which  provides  the  pinning  to  the  wall  motion.  The  nonlinearity  also  decreases 
with  temperature  due  to  the  fact  that  the  domain  wall  becomes  less  mobile  at  lower 
temperature.  Figure  7  shows  the  distribution  of  threshold  fields  for  the  piezoelectric 
coefficients  of  the  PZT  system  with  different  compositions  and  dopants.  A  pro¬ 
nounced  minimum  value  for  the  threshold  field  is  found  for  the  composition  near 
the  morphotropic  phase  boundary  (MPB),  which  reveals  that  the  domain  walls 
have  the  highest  mobility  for  compositions  at  the  MPB.  In  second  order  approx¬ 
imation,  the  extrinsic  contributions  to  the  piezoelectric  coefficient  is  given  in  Equa¬ 
tion  (23): 

du  =  Adj/  -f  AQmE,  +  AOiiuE(Ej  (29a) 

Assuming  the  nonlinearity  is  purely  extrinsic,  one  has: 


{du)  -  dini„)  +  Ad*/  +  hQiuEi  +  ^GijuEfij  (29b) 


where  <d/*)  is  the  measured  piezoelectric  coefficient,  which  include  both  the  intrinsic 
contribution,  d/*(/„),  and  the  extrinsic  contribution,  the  contribution.  Ad/*.  Based 
on  the  definition  of  threshold  field  strength  of  (d^)  described  earlier,  we  have: 


(dja)  —  jdjMn)  +  ^33) 
(</33(in)  +  Adas) 


4^33{«)  +  Adj3 


>3% 


(29c) 


This  means  that  the  threshold  field  is  inversely  proportional  to  the  ratio  between 
the  electrorestrictive  coefficient  and  the  piezoelectric  coefficient.  From  Equation 
(IS)  and  Equation  (17),  it  is  found  that  is  proportional  to  (Ci)V(/oQ)- 


FIGURE  7  Dependence  of  the  threshold  field  strength  end  the  sponUneous  polarization  on  the  Ti/ 
Zr  ratio  for  PZT  ceramia. 
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In  Reference  41,  the  restoring  force  constant  was  estimated  to  be  greater  than  the 
square  of  the  spontaneous  strain  C,  >  (Sq)^,  and  also  C,  >  Cj.  Therefore,  (Adjj/ 
^633.1)  can  be  estimated  to  be  proportional  to  the  spontaneous  polarization.  Thus 
from  Equation  (29c)  one  may  conclude  that  the  threshold  field  E,  should  also 
increase  with  the  spontaneous  polarization.  The  experimental  data  in  Figure  7 
qualitatively  shows  this  tendency.  In  addition,  the  threshold  fields  E,  for  PZT-8 
and  PZT-4  are  substantially  higher  than  that  of  PZT-5  due  to  the  influence  of 
dopants  on  the  domain  wall  mobility. 

B.  Electromechanical  nonlinearity  under  resonant  frequency.  Many  ultrasonic 
devices  are  operated  at  their  resonance  frequencies.  When  being  driven  at  high 
field  levels,  the  presence  of  nonlinearity  alters  the  performance  of  these  devices. 
In  this  section,  we  report  some  of  the  nonlinear  effects  under  resonant  conditions 
for  a  PZT-SOl  A  ceramic.  Figure  8  shows  the  complex  admittance  circles  at  different 
drive  levels.  The  outer  circle  (curve  1)  is  measured  at  small-signal  conditions,  a 
field  level  of  1  V/cm.  The  system  appears  to  be  a  typical  linear  piezoelectric  res¬ 
onator  with  very  low  loss.  All  the  data  points  fall  onto  a  perfect  circle.  The  inner 
circle  (curve  H)  was  measured  at  a  field  level  of  100  V/cm.  One  can  see  that  the 
data  points  obviously  deviate  from  the  small  circle  showing  the  presence  of  non¬ 
linearity. 

This  is  expected  from  the  measurements  on  piezoelectric  effects  because  the 
relationship  between  and  field  strength  no  longer  remains  linear  under  large 
field,  invalidating  the  linear  assumption  made  in  the  measurement  technique.  It  is 
found  that  the  magnitudes  of  <f3i{II](-190  x  10~‘^  V/m)  and  the  loss  tangent 
d3,lll]/d3i[ll]  (0.08S),  which  were  measured  at  high  drive  levels  but  non-resonant 
frequencies  using  an  interferometer,  are  larger  than  those  values  (d3,[I]  =  - 176 
X  10"  >2  v/m  and  d3i[I]/d3i(I]  0.018)  measured  at  low  driving  levels.  This  strongly 

implies  that  the  not^near  effects  at  the  resonance  frequency  are  caused  by  the 
noiilinear  increase  in  piezoelectric  ooeCBdents.  We  suggest  that  this  nonlinear  change 
in  piezoelectric  coefficients  originates  from  the  domain  waU  motion  since  the  in¬ 
crease  of  the  macroscopic-losses  mainly  arises  from  domain  wall  motions.”  When 
the  applied  field  exceeds  a  certain  level,  the  nonlinear  domain  wall  motions  start 
to  contribute  to  the  piezoelectric  effect,  and  the  coupling  between  the  vibrations 


FIGURE  8  Complex  admittanoe  ploi  of  PZT-SOIA  bar  measured  with  two  different  applied  field 
strengths.  Curve  1;  £,  >  1  V/cm  ai^  curve  II:  £i  >  100  V/cm. 
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of  domain  wall  and  extensional  mode  causes  the  nonlinear  effects  at  the  resonance 
frequency.  The  field  dependence  of  the  electromechanical  properties  causes  the 
extremum  frequencies  of  the  admittance  to  shift  as  shown  in  Figure  9.  Figure  9(a) 
is  the  amplitude  of  the  admittance  of  a  PZT-SOl  A  plate,  which  was  measured  with 
a  spectrum  analyzer.  The  resonant  frequency  f„  shifts  towards  lower  frequencies 
with  increasing  applied  a.c.  voltage,  but  the  anti-resonance  frequencies  f„  do  not 
shift  significantly  as  reported  by  Uchino  et  al^ 

Interestingly,  however,  when  measuring  the  absolute  value  of  admittance  |  Tj  of 
a  bar  sample  with  an  impedance  analyzer,  we  found  that  both  f„  and  f„  shift 
noticeably  to  lower  frequencies  at  higher  driving  level,  as  shown  in  Figure  9(b), 
which  may  imply  that  the  nonlinearity  affects  certain  vibration  modes  more  severely 
than  to  the  others.  Meanwhile,  the  experimental  results  could  be  affected  by  the 
measurement  techniques. 

Figure  lU  and  Figure  11  show  the  dielectric  losses  and  dielectric  constants  as  a 
function  of  frequency,  respectively,  under  different  field  levels  near  an  isolated 
resonance.  It  can  be  seen  that  the  resonance  peaks  of  both  the  dielectric  loss  and 
the  dielectric  constant  move  toward  lower  frequencies  at  the  high  drive  level.  The 


FIGURE  9  Typical  admittance  curves  measured  for  the  PZT-SOl  A  samples  at  different  driving  leveb. 
(a)  Measured  electrical  admittance  of  PZT-SOIA  plate  at  four  different  driving  levels,  (b)  Absolute 
value  of  admittance  |  Y\  for  a  PZT-SOIA  bar  at  two  driving  leveb.  The  solid  line  and  the  dash  line 
represent  results  obtain^  at  field  leveb  of  £,  •  1  V/cm  and  £,  •  100  V/cm  respectively. 


FIGURE  10  Dielectric  losses  vs  frequency  with  respe^  to  different  driving  leveb  for  a  PZT-SOIA  bar 
in  the  vicinity  of  the  resonance  fr^uency.  The  dash  line  b  for  £,  •  1  V/cm  and  the  solid  line  b  for 
£,  «  100  V/cm. 
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FIGURE  1 1  Capacitance  of  a  PZT-SOl  A  bar  vs.  frequency  in  the  vicinity  of  the  resonance  frequency 
at  iliffcrent  driving  levels. 


dielectric  loss  in  the  vicinity  of  the  resonant  frequency  also  becomes  larger  for  the 
case  of  higher  drive  level  as  shown  in  Figure  10.  It  should  be  noted  that  when  large 
electric  field  is  applied,  nonlinear  effects  occur  at  all  frequencies,  hence,  the  di¬ 
electric  loss,  mechanical  loss,  dielectric  constant,  elastic  constants,  and  piezoelectric 
coefficients  become  larger  in  all  frequency  ranges.  Away  from  the  resonance,  the 
motions  of  non-180°  domain  walls  are  an  important  cause  for  the  changes  in  the 
dielectric,  elastic,  and  piezoelectric  coefficients.  At  the  resonant  frequency,  changes 
of  these  coefficients  will  profoundly  lead  to  the  shifts  of  the  resonance  and  anti- 
resonance  frequencies,  f„  and  In  addition,  the  mechanical  quality  factor  Q„ 
and  the  electromechanical  coupling  factors  K,  will  also  be  affected.  The  factors 
controlling  (he  shift  of  resonant  frequency  are  important  in  ultrasonic  engineering. 
From  Reference  28,  in  second  order  approximation,  the  shift  of  the  resonant 
frequency  for  extensional  vibration  of  an  electromechanically  excited  bar  can  be 
written  as: 


=  - 


32[5f„P 


+ 


32  i  I5f,IV 


(30) 


where  is  the  resonant  frequency  of  the  extensional  mode  for  a  linear  system, 
sfi  and  jfii  are  the  second  and  third  order  elastic  compliance.  The  frequency  of 
the  Pj  maximum  is  also  shifted  by  the  electric  field. 


8<iif  s=  — 


4  j 


(31) 


w  here  is  the  small-signal  resonance  frequency.  Q  is  the  mechanical  quality  factor 
and  a  is  the  thickness  of  the  sample.  Equations  (30)  and  (31)  are  for  single  domain 
and  single  crystal  system.  For  ceramics,  there  exist  additional  shifts  of  the  resonant 
frequencies  by  domain  wall  motion.  From  Equations  (1S)-(21)  they  can  be  ex¬ 
pressed  as: 


Aw?  =  -| 


32[A5mP  9AC;m 


+  A5„)  32 


1 

J  (5„,^,  -F  M„)V 


4.  2^1 _ _  (33) 
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and 
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Here  </«„>,,,  and  are  intrinsic  properties.  The  total  shift  of  these  res¬ 

onance  frequencies  are  the  sum  of  intrinsic  and  extrinsic  contributions.  The  above 
analyses  give  rise  to  a  relationship  between  the  shifts  of  the  maximum  frequency 
and  the  damping  constant  (or  losses),  restoring  force  constants,  as  well  as  spon¬ 
taneous  polarization  and  strain.  The  results  shown  in  Equations  (30)-(33)  may  be 
used  to  qualitatively  explain  the  experimental  results. 

The  mechanical  and  electric  responses  of  a  piezoelectric  material  depends  not 
only  on  its  piezoelectric  properties,  but  also  on  its  elastic  and  dielectric  parameters, 
according  to  the  constitutive  piezoelectric  equations.”  Therefore,  a  figure  of  merit 
of  a  piezoelectric  material  must  include  its  elastic,  dielectric  and  piezoelectric  coef¬ 
ficients,  which  are  defined  as  the  electromechanical  coupling  factors  (often  called 
coupling  coefficients).  The  coupling  coefficient  k  is  used  as  a  characteristic  index 
for  the  performance  of  a  transducer.  The  value  of  is  a  measure  of  the  magnitude 
of  the  transducer  bandwidth.  It  is  useful  to  clarify  the  extrinsic  contribution  to  the 
electromechanical  coupling  coefficients  and  to  understand  how  the  domain  wall 
movements  influence  the  coupling  coefficient.  Figure  12  shows  the  measured  field 
dependence  of  the  coupling  coefficient  k^i  and  the  mechanical  quality  factor  Q„. 
One  can  see  that  the  coupling  factor,  and  the  mechanical  losses  increase  with  the 
increase  of  the  inagnilude  of  a.c.  field.  Hie  correlation  Ik'Iwccii  the  coupling  factor 
and  till'  I0S.S  lacloi  indicates  that  the  exliinsie  coiiliihnlionn  plays  a  vety  ini|>oilaitl 
role  in  terms  of  the  electric-mechanical  energy  conversion  in  ferroelectric  ceramic. 
It  should  noted  that  the  coupling  factor  is  dependent  on  the  stress  and  strain  level, 
which  often  show  spatial  variations.^ 

In  the  high  temperature  regime,  for  some  PZT  system,  it  is  difficult  to  abstract 
information  on  domain  wall  contribution  from  the  measurement  of  dielectric  and 
piezoelectric  coefficients  for  a  PZT  system.’*”  The  problem  is  that  the  conductiv¬ 
ity  of  some  PZT  systems  increases  drastically  at  high  temperatures  just  like  in 
semiconductors.  Thus,  at  high  temperatures,  the  increase  of  conductivity  which 
contribute  to  the  lose  factor  could  cover  up  the  extrinsic  contribution  of  domain 
wall  motions.  For  this  reason,  we  have  to  compare  the  measured  results  from  both 
low  and  high  Geld  strength  at  the  same  temperatures  in  order  to  see  the  contribution 
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FIGURE  12  Variatioii  ol  the  electromedwnkal  coupling  factor  Ic,,  and  the  mechanical  quality  factor 
due  to  the  increase  of  the  applied  a.c.  electric  field  strength. 
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FIGURE  13  Susceptance  (fi)  v.s.  conductance  (C)  loops  for  a  soft  PZT  ceramic  at  two  different 
applied  a.c.  field  strengths  and  two  different  temperatures. 

TABLE  II 

Electromechanical  coupling  factors,  piezoeiectric  coefficients  and 
mechanical  quality  factors  of  PZT-5A  ceramic  at  different  temperatures 
and  field  levels 


T  -  20«C 

T»230«C 

kgi 

E-TOV/cm 

a4U 

47 

•IS6 

0.36  3X4 

•218 

E>l  V/cm 

0l3S7 

SO 

-179 

0.28  112 

•195 

of  domain  wall  motions.  Figure  13  presents  the  complex  admittance  circles  of  a 
PZT-5  ceramic  resonator  measured  with  two  different  applied  field  strengths  at 
two  different  temperatures.  The  radii  of  these  four  circles  are  denoted  by  Bt,  Bz, 
B'l,  and  B2,  respectively.  Here  B'l  (low  drive  level)  and  Bi  (hi^  drive  level)  are 
for  the  room  temperature  measurements,  Bi  (low  drive  level)  and  Bz  (high  drive 
level)  are  for  the  measurements  made  at  T  =  230^.  It  could  be  found  that  the 
ratio  of  (Bi/Bj)  increases  with  temperature.  The  ratio  of  (Bi/Bz)  is  proportional 
to  the  nonlinear  mechanical  losses  of  the  ceramic  resonator  in  the  vicinity  of  the 
resonance  frequency,  because  the  radii  of  these  circles  are  proportional  to  the 
mechanical  quality  factor  Table  II  lists  the  electromechanical  coupling  and 
piezoelectric  coefficients  as  well  as  the  mechanical  quality  factor  for  different  tern* 
peratures  and  different  drive  levels.  These  results  convincingly  show  that  the  in¬ 
crease  of  electromechanical  coupling  as  the  temperature  increases  arises  from  the 
increase  of  domain  wall  mobility. 


V.  SUMMARY 

We  have  measured  the  dielectric  and  piezoelectric  properties  of  PZT  system  in 
several  compositions  at  both  high  and  low  field  levels.  The  experimental  results 
show  that  domain  wall  vibrations  contribute  significantly  to  the  electromechanical 
nonlinearity  in  ferroelectric  ceramics.  Hie  main  results  are  summarized  as  follows: 
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1 .  A  phenomenological  model  has  been  extended  to  evaluate  the  macroscopic 
nonlinear  parameters  associated  with  non-180°  domain  wall  vibrations  in 
ferroelectric  ceramics.  The  theoretical  description  qualitatively  agrees  with 
some  of  the  experimental  results. 

2.  Dielectric  and  piezoelectric  measurements  have  been  carried  out  for  PZT 
ceramic  system  at  different  field  levels  and  temperatures,  the  results  are 
compared  with  the  theoretical  model.  It  has  been  verified  that  the  couplings 
between  the  acoustic  vibrations  and  the  movement  of  domain  walls  is  an 
important  factor  in  terms  of  extrinsic  properties  of  ferroelectric  ceramics.  It 
is  found  that  the  nonlinear  effects  are  extrinsic  in  nature  and  will  easily  occur 
at  the  resonant  frequency  because  the  coupling  interaction  between  domain 
wail  motions  and  the  acoustic  waves  is  maximum  at  the  resonant  frequency. 
The  piezoelectric  and  dielectric  coefficients  and  losses  in  the  nonlinear  regime 
are  much  larger  than  those  in  the  linear  regime.  The  threshold  fields  of  the 
dielectric  and  piezoelectric  coefflcients  are  strongly  affected  by  the  bias  field, 
temperature  and  compositions. 

3.  PZT  ceramic  with  composition  near  the  morphotropic  phase  boundary  shows 
a  pronounced  maximum  of  the  non-linear  effect.  The  ratio  of  c/a  axes  is  an 
important  factor  which  affects  the  extrinsic  properties  in  PZT  ceramic  system. 
Both  shifts  otf„  and  /„  of  the  admittance  at  the  high  drive  level  due  to  the 
nonlinearity  could  be  evaluated  from  non-180”  domain  wall  motion.  It  has 
been  suggested  previously^'  that  the  nonlinear  effects  in  the  resonance  fre¬ 
quency  region  originates  from  the  collective  resonance  of  domain  walls.  This 
opinion  is  questionable  because  the  resonance  frequency  of  ceramic  samples 
depends  on  the  sample  size  and  is  usually  much  lower  than  the  domain  wall 
resonance  frequency.  However,  since  the  resonance  frequency  of  domain 
walls  is  still  a  disputed  topic,  further  investigation  is  required.  We  believe 
that  the  nonlinear  effects  contain  both  intrinsic  and  extrinsic  contributions. 
In  multidomain  crystals,  such  as  ferroelectric  ceramics,  the  extrinsic  contri¬ 
butions  play  the  dominant  role  in  generating  these  nonlinearities. 
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Flerli  ir  rali(;uc  Is  a  major  nlislncle  Tor  some  poteiilhit  appli¬ 
cations  of  feiTtK  leelric  main  iais  based  on  reversals  of  spon- 
laneous  iHrl.'irir.allun,  sucli  as  memory  deviees  and  liii’h 
strain  nrtuntors.  Our  studies  of  flne-graiiK-d  liol-prrss^ 
lead  zirroiialc  lilanate  vvilli  laiilliamim  dopant  (l‘LZT 
7/68/32)  sbuw  (hat  fast  fatigue  is  actually  mused  by  con- 
lamimifcd  surfaces  instead  of  intrinsic  siniclurc  deteriora- 
lion  or  Ibe  clinngc  of  domain  slates.  All  of  the  s|)eciineiis 
vvitii  eunventionally  cleaned  surfaces  slioned  significant 
fatigue  nfler  10’  srvilebing  cycles,  but  specimens  cleaned 
vvilli  a  new  eleaniiig  procedure  did  not  faligiic  even  after 
moic  Ibaii  10*  swilciiing  eyelcs.  Tins  ty|K  of  faligue  is  found 
to  be  due  to  generated  micrucracking  at  tlie  cerainic-elec- 
Irmlc  Inlerfacc. 


1.  Introduction 

Many  applications  of  fcrioclcdric  inalcrials,  such  as  some 
piczoclocliic,  electrooptical,  and  elcclrosiriclive  devices, 
involve  repealed  reversals  of  pularizalion.  One  critical  timila- 
lion  on  Itic  |>erfurinancc  of  these  devices  is  fatigue  associated 
with  rci'ealcd  electrical  cycling.  Faligue  in  fcrroclcclrics 
inaMily  refers  lo  (he  dcgnidalion  of  fcrroclcclric  properties  upon 
rrpi  alcd  reversals  of  |Ktlarizalion,  which  appears  in  the  hystere¬ 
sis  loop  in  (he  fot m  of  a  decrease  in  remnani  polarization  (P,)  or 
saturated  polarization  <(/’.)  and  is  often  accompanied  by  an 
increase  of  the  coercive  field  (f,). 

In  1953,  McQuanie'  first  reported  the  linK  dependence  of 
the  P-E  hysteresis  loop  in  a  DaTiO)  ceramic.  He  (bund  that 
aAcr  several  weeks  of  switching  at  M  Hz,  the  square-shaped 
hysteresis  loop  was  changed  lo  a  distinct  propeller  shape  with  a 
noticeable  dccicasc  in  both  the  maximum  polarization  and  the 
remnant  polarization.  Men  and  Anderson*  studied  faligue 
behavior  in  a  RaTiOj  single  crystal.  A  gradual  reduction  of  the 
polarization  after  a  few  million  switching  cycles  was  observed 
and  lire  fatigue  behavior  was  related  to  (he  wave  patterns  of  the 
electric  field  (sine  wave  or  pulse  train  wave).  The  ambient 
abnosphere  was  also  reported  to  have  an  cITeci  on  the  switching 
stability  of  BaTiO}  single  crystal.’  A  loss  of  squareness  of  the 
hysteresis  loop  was  o^rved  when  the  crystal  was  switched 
under  vacuum,  Nj,  Hj,  or  He  gases.  However,  the  detcrioialed 
hysteresis  loop  could  restore  its  original  shape  under  ac  cycling 
in  O},  or  in  dry  air. 

Riligue  experiments  were  also  carried  out  on  other  ferroelec* 
tries  in  the  1960s.  TayloT*  studied  fatigue  phenomena  in  24 
compositions  of  niobium-doped  Pb(Zr,Sn,Ti)0]  ceramics  and 
discovered  that  the  fatigue  rale  depended  on  the  composition. 
Contrary  to  Ref.  2.  he  found  little  difference  in  faligue  behavior 
when  die  ac  electric  field  pattern  was  changed  from  a  sine  wave 
lo  a  pulse  (rain  wave.  A  more  detailed  study  of  fatigue  in  La-  or 
Bi-doped  PZT  ceramic*  was  carried  out  by  Stewart  and  Cosen- 
lino.’  They  showed  that  the  polarization  decreased  rapidly,  and 
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liic  icmn.-ml  jiohirizalion  was  reduced  lo  lialf  of  its  original 
value  after  S  X  10*  switching  cycles.  11icy  concluded  that  tlic 
palteiiis  of  the  electric  field,  llic  types  of  electrodes,  and  the 
ambient  conditions  had  no  significant  effects  on  the  fatigue 
l<chavior.  Stewart  and  Coscnlino’  also  re|x>ilcd  an  interesting 
irsult:  when  a  fatigued  sample  was  healed  above  the  paraclcc- 
tric-fciioclcclric  phase  transition  temperature  T,,  the  properties 
could  be  restored.  Contrary  lo  Stewart  and  Co.scnlino,  Fraser 
and  Maldonado*  also  studied  the  same  La-doped  PZJ  ceramics 
and  reported  signiricaiK  cffccls  of  electrodes.  Tlicy  found  dial 
wtirn  iiulitim  was  used  as  iIk  electrode  material  instead  of  gold 
or  silver,  (here  was  still  85%  of  (lie  original  icmnant  polariza¬ 
tion  left  after  10*  switching  cycles,  but  fatigue  occuircd  much 
fa.s(cr  when  using  lead,  ainniinuiii,  gallium,  silver,  and  gold  as 
electrode  niiitcrials.  Carl’  observed  significant  degradation  in 
the  (..a-  or  Mn-doiKd  PbTiOi  ceramics;  after  only  a  few  thou¬ 
sand  switching  cycles  the  polarization  dropped  lo  30%  of  its 
original  value  together  with  some  increase  of  the  coercive  field, 
and  some  cracks  were  also  observed  under  SFM  on  surfaces  of 
die  samples. 

Although  the  fatigue  phenomena  in  fcnwlcclrics  hare  been 
studied  for  over  30  years,  ibeir  origin  is  still  not  clear.  Some 
possible  causes  of  fatigue  under  high  ac  field  arc  (I )  (he  gradual 
reorientation  of  domains  into  a  more  stable,  i.e.,  miniinum- 
cnctgy,  configuration;'-*  (2)  injection  of  charge  carriers  into  tire 
fcnocicctrics  which  provide  pinning  (or  domain  wall  move¬ 
ment;*  (3)  siniclural  inhomogcneily  which  produces  traps  for 
domain  walls,  reducing  domain  wail  mobility;**  (4)  (he  appear¬ 
ance  of  microcracking  caused  by  (he  large  change  of  strain  dur¬ 
ing  switching.’-"  I  1 

Despite  (he  fact  that  the  fatigue  enccl  is  the  key  factor  which 
prevents  some  potential  applications  of  fcrroclcclrics,  very  few 
conclu.sivc  results  have  bnn  published.  In  addition,  those  pub¬ 
lished  results  by  different  investigators  ate  often  in  contr^ic- 
lion,  and  (here  are  no  explanations  for  ilicse  discrepancies. 
Therefore,  a  systematic  study  of  this  subject  is  needed  in  order 
lo  understand  the  origin  and  mechanism  of  fatigue  behavior.  We 
report  here  an  extensive  study  of  (he  faligue  behavior  of  a 
La-doped  lead  zirconale  litanaic  (PLZT)  ceramic  system.  The 
reason  for  choosing  a  PLZT  ceramic  system  is  because  of  its 
teialively  low  coercive  field,  large  polarization,  and  square¬ 
shaped  hysteresis  loop.  Moreover,  hot-pressed  PLZT  ceramics 
ate  transparent  and  are  almost  pore  free,  which  can  eliminate 
the  structural  complications  in  a  regular  ceramic,  leading  to 
some  understanding  of  the  fundamental  aspects  of  faligue.  In 
this  paper,  the  focus  will  be  on  the  effect  of  surface  contamina¬ 
tion  on  the  fatigue  behavior.  Inconsistencies  reported  in  some 
previously  experimental  studies  can  oe  explained  in  terms  of 
different  surface  conditions. 

II.  Experfmenlal  IVocedure 

Lanthanum-doped  lead  zirconate  lilanate  ceramic  specimens 
were  fabricated  from  mixed  oxides  by  hot  pressing.  The  com¬ 
position  used  in  this  study  was  Pba.nLaa4,(Zr,M'^ji]b.Ni»0,. 
Conventionally.  Ibis  fonnula  is  simplified  to  the  (bun  7/68/32 
according  to  the  mole  ratio  of  La/Zr/Ti.  The  average  grain  size 
was  about  S  (sm.  At  room  lempenlure  7/68/32  te  in  a  rhombo- 
hedral  phase.  Samples  were  fiist  cut  into  plalelels  with  areas  of 
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jJmmiI  10  i)>it korsscs  in  ilic  taiiijc  t>f  I.SO-.^OO  jiin, 

;iml  ilii'n  al  lilKJ'C  for  2  ti  to  icicasc  lltc  iircchaiiical 

.stress  j^u'iK'ialal  timing  llic  (lining,  giimling,  and  |'oli!>liiiig 
pmci'sscs. 

'riiii'c  ililfciciil  surfaces  were  incpaicd:  (a)  giiiund  by  3-jiin 
ahiasivc,  (li)  polished  by  l-|im  diamond  pasie,  (c)  flclicd  in  • 
lljl'0<  acid  for  2  min  al  MOV.  In  llic  coiivcnlional  cleaning 
prtH'cdtirc,  oiganic  solvents  (alcohol  or  acetone)  were  used  to 
linsc  the  samples  and  then  the  samples  were  dried  in  air  al  room 
lcm|X'iaturc.  An  improved  cleaning  method  used  in  our  cxiicri- 
incnts  is  described  as  follows:  first  the  samples  were  cleaned 
by  conventional  prwedur*,  then  they  weie  further  cleaned 
ullrasoiiically  in  alcohol  soivcnl,  and  finally  the  samples 
were  healed  in  a  funiacc  for  I  h  al  5(X)-6(X)"C  to  burn  off 
the  organic  solvent.  Gold  electrodes  were  s|)uitercd  onto  the 
sample  surfaces. 

Tire  projKilies  studied  here  are  the  remnant  polarization  P„ 
the  maximum  polarization  /*.,  the  coercive  field  E,,  and  tire 
dielectric  constant  t  of  the  dcpolcd  stale.  A  high-voltage  sine 
w'ave  ac  field  was  used  to  switch  the  polarization,  and  the 
hysteresis  loops  were  measured  through  a  conventional 
Sawyer-Tower  circuit  and  a  Nicolct  214  digital  oscilloscope. 
The  Icniperalutc  dependence  of  the  dielectric  constant  was 
measured  with  a  Hewlett-Packard  4274A  LRC  meter,  and  the 
temperature  was  measured  using  a  Rufcc  8502A  digital  rnultirn- 
elcr.  "lire  healing  rate  was  set  al  3®Oinin. 

III.  Results  and  Discussion 

f  1)  Fatigue  in  PLZ  T  Specimens  Cleaned  by  Con  ventiona! 
Procedure 

In  order  to  compare  the  results  fronr  different  specimens  and 
to  emphasize  the  changes  of  (he  measured  properties,  the  rela¬ 
tive  polarization  and  the  coercive  field  are  u.scd  in  this  paf«r, 
they  represent  the  percentages  of  the  polarization  and  coercive 
field  with  respect  to  the  initial  polarization  and  the  coercive 
field  obtained  at  KP  or  10’  switching  cycles.  Figure  I  shows  the 
typical  results  obtained  from  specimens  cleaned  by  conven¬ 
tional  procedure.  One  can  see  that  fatigue  started  al  about  (O’ 
switching  cycles,  arrd  proceeded  very  rapidly  between  10*  and 
10*  cycles.  The  remnant  polarization  P,  dropped  to  30%  of  the 
initial  values  after  10*  switching  eycics.  Tire  changes  of  the 
maximum  polarizations,  which  are  nut  shown  Irere,  exhibit  a 
similar  behavior  as  the  remnant  polarization  P,.  Figure  2  shows 
typical  hysteresis  loops  before  and  after  the  fatigue  test, 
observed  from  a  sample  with  ground  surfaces.  The  coercive 
fields  E,  also  increased  with  switching  cycles.  There  is  a  direct 
correlation  between  the  ehai'res  of  £,  and  P,;  i.e.,  while  the 
polarization  decreases,  the  coercive  field  E,  iiKrcases,  which  is 
consistent  with  the  results  obtained  by  other  resmehers.*-*-" 
We  found  that  the  ground  sample  fatigu^  earlier  and  faster  than 
tire  samples  with  polished  and  etched  surfaces.  The  same 
experiments  were  also  canied  out  using  a  sine  wave  field  at 
other  frequencies.  No  apparent  changes  were  observed  for  fre¬ 
quencies  less  than  6(X)  Hz.  Curves  (a)  and  (e)  in  Fig.  3  show  the 
weak  field  dielectric  constant  as  a  function  of  temperature  for  a 
sample  with  polished  surfaces  before  and  after  the  fatigue  te^, 
respectively.  Oik  can  see  a  substantial  decrease  of  the  dielectric 
constant  in  the  fatigued  sample.  Samples  with  the  other  two 
types  of  surfaces  e^ibit  similar  results  which  are  not  shown 
here. 

(2)  Fatigue  in  PLZT  Specimens  Cleaned  by  Improved 
Procedure 

Figure  4  shows  the  changes  in  (he  polarization  and  the  coer¬ 
cive  field  with  switching  cycto  for  samples  cleaned  by  an 
improved  procedure  describe  in  Section  II.  The  expenriKOts 
were  carried  out  at  a  frequeiKy  of  100  Hz.  Samples  with  ^ 
(luce  types  of  surfaces  did  not  show  fatigue  even  after  Itr 
switching  cycles.  We  found  (hat  the  hysteresis  loops  recorded  at 
10*  and  2  X  10*  switching  cycles  arc  almost  id^ical.  These 
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Fig.  I .  Granges  of  (he  relative  remnant  polarization  P,  (a)  and  the 
relative  coercive  field  E,  (b)  with  switching  cycles  for  a  conventionally 
cleaned  I’LZT  7/68132  specimen.  Test  frequency  is  10  Hz. 


expcrinKnial  results  tell  us  that  the  fatigue  shown  in  Fig.  1  is 
purely  extrinsic,  i.e.,  resulted  from  an  imjuopcr  cloning 
method.  The  actual  lifetimes  of  PLZT  7/68/32  ceramics  with 
grain  size  of  5  |sm  are  much  longer  than  tliosc  shown  in  Fig.  I 
and  are  not  affected  by  iIk  surface  roughness. 

(3)  Fatigue  Originating  from  Surface  Contamination 
(A)  Deterioration  of  the  Ferroelectric-Electrode  Interface 
under  High  ac  Field:  In  fatigue  experiiiKnls  the  possible 
sources  of  contaminanls  arc  abrasive  residue  from  the  grinding 
process,  residue  of  solvents  (water,  alcohol,  or  acetone),  water 
in  the  air,  residue  of  ihc  bonding  glue,  and  skin  grease  from 
finger  touch.  Without  further  cleaning  these  residues  arc  left  on 
Ihc  surfaces  of  specimens,  being  sandwiched  between  the  sam¬ 
ple  surface  and  the  electrode,  producing  a  poor  interface  con¬ 
tact.  The  effects  of  solvents  aixl  skin  grease  were  further 


Fig.  2.  lypkal  hysteresis  loops  afier  10*  (a)  and  3  X  l6*(b)swiicii- 
ing  cycles  for  a  conventionally  cleaned  PLZT  7/68/32  aam^  wMi 
ground  surfaces.  That  frequency  is  10  Hz. 


Jiiiiiiaiy  1994 


Electric  Eatisuc  in  l^ad  Ziicoimlc  I'ilaimlc  Criiimics 


213 


FSg.  3.  Tcn)|Knitiiic  (li-('cii<li  iicc  of  Oic  dielectric  coii.tlaiil  in  dcpoled 
Mate  for  a  co(ivcnli<iii«lly  cicnticd  !taiii|>tc  with  |K>li.slicd  surfaces;  (a) 
fali|;iic<l  sani|>lc:  (b)  fiiligiicd  santpic  after  heal  Ircalinciil  at  3(KrC  fur  3 
h;  (c)  fatigued  sample  after  treat  iicaliiicnl  at  600°C  for  I  h;  (d)  a 
l5-|iiii-tliiek  layer  was  ground  off  from  each  side  of  the  sample;  (e) 
rcsouv  from  a  virgin  nuiifatigued  saniple. 


examined  in  iIk  following  experiments.  First,  the  samples  were 
etched  by  HjPO,  acid  lo  remove  a  thin  layer  from  the  surface 
which  might  contain  abrasive  residue  and  skin  grease.  Then  the 
following  surface  trealmcnls  were  given  lo  three  different  sam¬ 
ples;  (a)  sample  1  was  waslied  in  water  and  acetone,  and  then 
both  surfaces  were  rubtred  with  fingers;  (b)  sample  2  was 


waslicil  in  \r  alcr  and  acetone,  llien  rlried  in  ,iir  at  room  lcni|K  i.i- 
luie;  (e)  sample  3  was  washed  in  water  and  acetone,  then  hc.il- 
lieaied  in  a  fuinaec  at  5WC  for  I  h. 

I’igme  5  shows  the  results  from  fatigue  tests  on  these  three 
samples  using  a  lOO  i  .z  sine  wave  ac  field.  Hie  remnant  polar- 
i/aiioii  of  sample  3  did  not  decrease  at  all  after  lO*  swiK  hing 
cycles;  only  E,  inctensed  slightly  (we  note  that  in  all  etched 
.samples,  E,  shows  a  slight  incic.-i.se  at  the  beginning  and  then 
becomes  stable).  P,  of  sample  2  fatigued  lo  85%  of  its  initial 
value  after  lO’  switching  cycles  and  E,  increased  about  1 8%. 
Sample  I  was  the  worst  among  the  three  samples;  its  P,  reduced 
lo  30%  of  the  initial  value  and  £,  increased  50%  after  only  2  x 
lO*  cycles.  Healing  PLZT  ceramic  samples  to  500*0  after 
washing  had  two  effects:  ( I )  burning  off  lire  organic  residues  on 
the  surface,  and  (2)  releasing  bulk  and  surface  stresses.  Since 
these  three  samples  were  already  lical-lrcalcd  at  COOT  for  2  h  lo 
release  stresses  before  the  surface  preparation  described  above, 
heating  sample  3  lo  500"C  for  I  h  after  washing  should  not  have 
changed  ii.s  projrcrtics  except  lo  burn  off  solvent  residues  on  the 
Siim|>lc  sui  faces.  Since  llic  three  samples  with  the  same  etched 
surfaces  differed  only  in  surface  licatmcnls,  the  discrepancies 
in  the  fatigue  results  can  be  explained  only  in  terms  of  the  dif- 
fcicnl  degrees  of  surface  contamination. 

nx|)crimcnls  also  indicate  that  fatigue  is  initialed  at  the 
ccrainic-clecirodc  interface.  Possible  explanations  for  what 
might  have  happened  at  the  interface  arc  lire  following;”  ”  (I) 
electrochemical  reaction,  such  as  ionization  of  contaminants 
and  field-induced  chemical  decomposition  near  the  sample  sur¬ 
face;  (2)  corona— high  voltage  can  ionize  water  and  organics, 
causing  partial  discharge  w  hich  leads  lo  a  lime  related  continu¬ 
ous  degradation  of  the  dielectric  properly;  (3)  a  contact  deterio¬ 
ration  effect — residue  of  solvents  and  skin  grease  prohibit 
direct  contact  of  the  metal  electrode  with  the  sample  surface, 
resulting  in  poor  contact.  Partial  failure  of  the  electrode  was 
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Hf-s.  Effects  of  oontaffitottiont  on  the  fatigue  behtyhe  Sample  I 
was  contamiaaied  by  tolveiM  and  skin  grease;  tmpk  2  was  contami¬ 
nated  by  sol  vent;  sample  3  was  cleaned  by  an  bnpetm  jvooerhHe. 
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Fig.  6.  .SF.M  plioiogr.-ipli  1,-ilcn  fiom  llic  ricciroded  surface  of  a 
fatigued  s.iinpic.  Part  of  the  electrode  peeled  off  from  llie  sample 
suifaec  duiiiig  llic  swilcliiiig  process. 


dilcctly  observed  under  SEM  on  the  ciccirodcd  surface  of 
fatigued  saniples  as  sliowii  in  Tig.  6. 

(B)  Naiure  of  the  Fatigue:  Fatigue  caused  by  sui  face  con- 
laiitinalion  started  at  (lie  sample  surfaces  where  high  field  con¬ 
centrations  occurred.  In  order  to  sec  if  tlic  fatigue  damage 
extended  into  the  interior  of  the  ceramic  with  a  prolonged 
switching  lime,  we  measured  (he  bull;  dielectric  constant  as  a 
function  of  temperature.  The  sample  thickness  was  200  pm  and 
the  measurements  were  done  at  I -kHz  frequency.  The  maxi¬ 
mum  temperature  in  (he  measurement  was  190*0,  which  was 
above  the  Curie  temperature  (I30*C  for  PLZT  7/68/32).  The 
results  arc  given  in  Fig.  3.  One  can  see  a  drastic  decrease  of  the 
dielectric  constant  in  the  fatigued  sample  (after  2  X  10* 
cycles),  especially  close  to  the  ^rie  temperature  region  (curve 
(a)  in  Fig.  3). 

Different  licat  treatments  were  applied  to  (his  fatigued  sam¬ 
ple  to  sec  if  lire  fatigued  physical  properties  could  be  recovered. 
Curve  GO  in  Fig.  3  is  the  tcmpcrai  .re  dependence  of  (he  dielec¬ 
tric  constant  measured  after  the  fatigued  sample  went  through  a 
licat  IrcaliiKut  at  300*C  for  3  h.  Only  partial  recovery  was 
achieved.  The  sample  (hen  experienced  further  heat  treatment 
at  600*C  for  I  h  and  further  improvement  was  observed  as 
shown  in  curve  (c)  of  Fig.  3.  Howewr,  the  dielectric  constant 
still  did  not  recover  to  its  initial  value,  which  means  that  part  of 
die  damage  is  permanent.  In  order  to  investigate  the  depth  of 
the  damage  from  die  surface  initialed  fatigue,  IS  pm  at  the 


uiiipic  MU  faces  was  giounij  otf  and  llic  s.niiplr  was  rc-clec- 
liiKled  using  the  sputiciing  lrcliiii(|iic.  The  incasiiied  results  .arc 
shown  ill  Fig.  .3,  ciiivc  (il).  No  fiiilher  iinproveiiu'iil  ssas 
achieved.  The  high  field  proivrlies.  i.c,  the  icmnani  pcdaiiza- 
lioii  /*  and  the  ciK'icivc  field  /;..  wcie  also  incasuied  after  each 
liealing.  re  cIceliiHliiig.  and  thinning  ( Tahlc  I).  One  can  reach 
the  same  conclusion  fioni  the  results  in  Table  I  as  from  the 
results  of  weak  field  dielectric  measurements.  Tlie  ilieleclric 
and  polnii/.alion  mcasurernenls  were  al.so  performed  in  a  sam¬ 
ple  with  a  thickness  of  700  pm;  fatigue  was  observed  after  2  x 
10*  cycles.  However,  il  was  found  that  the  dielectric  constant 
and  (he  (xrlaiizalion  could  almost  be  icsioicd  to  their  initial  val¬ 
ues  after  a  I  SO- pm  layer  was  ground  off  fiom  the  sample  sur¬ 
faces.  llic  cx(icrimciital  results  indicate  that  fatigue  damage 
propagated  fairly  deeply  into  the  interior  of  the  sample  after 
more  than  10*  switching  cycles  (note  the  damage  was  only  near 
(lie  surface  within  10*  eyries). 

Previously,  fatigue  in  fcrroclectrics  was  explained  as  due  to 
the  stabilization  of  domain  walls, ’  which  can  be  recovered  by 
lieating  the  fatigued  sample  into  the  paracicctric  phase.’-*  In  our 
cxixvimcnis,  total  recovery  did  not  occur  even  after  the 
fatigued  sample  was  heated  to  as  high  as  600“C,  470"C  higher 
than  the  Curie  temperature.  Hence,  the  fatigue  that  we  have 
observed  cannot  be  due  to  domain  wall  pinning;  instead,  we 
believe  (hat  intergranular  microcracking  is  responsible  for  the 
nonrccoverable  fatigue  initiated  by  surface  contamination. 
Scanning  electron  microscopy  was  performed  on  a  fatigued 
sample  (Fig.  7(a))  and  a  nonfatigued  sample  (Fig.  7(b))  with 
ground  surfaces  (the  saniples  were  etched  using  H1PO4  acid  to 
remove  gold  electrodes).  On  (lie  micrographs  in  Fig.  7(b),  we 
can  see  sonic  grinding  damage  and  etch-pits  for  the  nonfatigued 
sample,  while  for  the  fatigued  sample  (Fig.  7(a))  (lie  majority  of 
the  grains  do  not  have  grinding  damage  or  etch-pits.  This  iiKans 
that  a  whole  layer  over  these  grains  was  pulled  off  during  etch¬ 
ing,  which  indicates  (hat  the  bonding  between  grains  was  weak¬ 
ened  in  the  fatigued  sample  near  the  surface.  In  addition,  some 


Table  I .  Comparison  of  Uie  Remnant  Polarization  and  the 
Coercive  Field  for  a  PLZT  7/68/32  Sample  under  Different 
IVealments 


Rcimuiil 

intwiulioa 

(lic/cm*) 

CoerciDC  field 
(kvrem) 

Before  fatigue 

27.0 

5.0 

Aficr  fatigue 

6.0 

6.8 

After  I90*C  heating 

II.S 

8.0 

After  300”C  heating 

19.2 

10.4 

After  600*C  heating 

22.4 

7.3 

After  removal  of  15  |im  from  each  side 

22.5 

7.2 

rig.  7.  SEMmiengrapht^ftom  a  fotigued  sample  (a)  and  a  aonfatigiKd  sample  (b)  alter  chemical  cicliin|.Elch-pib  were  not  found  on  the  aw- 
face  of  the  fatigued  sample  became  a  fooseoed  layer  was  etched  off. 
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Fig.  8.  Opiical  mictograpli  lakcn  from  a  fatigued  sample  with  trans¬ 
mission  light.  Tlte  op.acity  indicates  the  degree  of  ntcchanical  damage 
or  stress  ronccnlratiuiK.  Tlic  transparent  regions  arc  nonfatigued  por¬ 
tions  left  ill  tlic  sample. 


minor  cr.icks  around  grain  boundaries  arc  visible  in  Fig.  7(a), 
but  large  cracks  were  observed  neither  on  (he  surfaces  nor  on 
■he  cross  section  of  (lie  fatigued  sample. 

Because  fcriwlectrics  are  both  picaocicctric  and  elcctrostric- 
(ivc,  large  strain  can  be  generated  during  switching.  In  PLZT 
ceramics  (he  field-induced  strain  can  be  as  large  as  0.1%  or 
moie.'^  When  (he  deterioration  of  the  interface  occun  during 
the  fatigue  experiment,  the  regions  under  a  good  contact  elec¬ 
trode  arc  under  a  higher  field,  while  the  regions  under  a  deterio¬ 
rated  interface  effectively  experience  a  much  lower  field. 
Hence,  l)>e.sc  two  regions  cannot  be  swilcired  simultaneously 
under  a  constant  voltage  across  (he  (wo  electrodes.  This  gener* 
ates  stress  concentrations  at  (he  boundaries  between  (he 
switched  regions  and  (he  nonswitched  regions.  If  the  grain 
boundaries  have  weaker  mechanical  strength  than  (hat  of  (he 
grains,  intergranular  microcracking  could  be  produced  by  these 
stress  concentrations.  An  optical  micrograph  of  a  fatigued  sam¬ 
ple  shows  that  this  is  indeed  (he  case  (see  Fig.  8).  TTic  micro¬ 
graph  was  taken  from  a  fatigued  sample  under  a  transmitted 
light  after  the  electrodes  were  carefully  removed.  It  was  found 
that  some  of  the  regions  were  changed  from  transparent  to 
opaque,  but  some  regions  still  remain  transparent.  The  degree 
of  opacity  represents  (lie  degree  of  mechanical  damage  in  the 
sample.  In  general,  the  worse  (he  fatigue,  (he  less  the  total  area 
of  (lie  transparent  regions. 

IV.  Summary  and  Conclusions 

A  systematic  study  has  been  carried  out  to  determine  the 
influence  of  surface  conditions  on  (he  fatigue  behavior  of  hot- 


picsMil  l‘l./.r  7/()8/.t2  icr;tmi(.s  with  a  grain  si/c  of  S  (iiii.  It 
was  fiHiiul  iliat  the  obscrml  fatigue  occiuicd  » illiin  10'  switch¬ 
ing  cycles  and  was  caused  by  sin  face  ronlaminalion.  W'c 
suggest  Iliat  the  fatigue  initiated  by  sin  face  contamination  in 
hot  piessed  l‘LZr  7/0S/.I2  ceramics  is  thiongh  miciociackiiig 
at  the  boundaiics  of  the  sw  itched  and  nunsw-itclK'd  regions  near 
the  ceramic-clectrodc  interface,  which  progressively  extends 
ttilo  the  interior  of  the  ceramic  with  prolonged  switching. 

Tlic  conventional  cleaning  method  has  proved  to  he  inappro¬ 
priate  for  s|)ccimcns  used  under  high  ac  field.  An  improved 
cte.-ining  procedure  described  here  can  eliminate  fatigue  for  at 
least  It?  switching  cycles,  which  is  a  very  encouraging  result 
for  some  potential  applications  based  on  polarization  reversals. 

Contrary  to  some  reported  results,’*  we  found  that  fatigue 
daniiagc  is  permanent,  although  it  is  only  limited  at  the  surface 
region  at  the  beginning.  Some  physical  properties  of  the 
fatigued  sample  can  be  partially  recovered  through  llicrmal 
liealinciil;  however,  complete  recovery  is  not  possible. 

Acknowlcdgllicilt:  Wc  wish  lo  ll»nk  the  Shanghai  Inatitulc  ot  Ceram¬ 
ics,  Oiina,  flit  pioviding  the  PLZT  samples. 


References 

'M.  McQiianie,  'Xiiik  Effects  in  Ihe  Hysteresis  Loop  ot  Pniyciyslalline  Bar¬ 
ium  Titanate,"  2.  A/)/)/.  Phys.,  14,  1334-35(1953). 

’W.  J.  Metz,  and  J.  R.  Anderson,  'FeirocIccUic  Slongc  Device,"  Bfll  Lah 
Rrr .  .33, 335-42  (IWS). 

’).  R.  Anderson,  G.  W.  Brady.  W,  J.  Metz,  and  J.  P.  Remeika,  "F.ffectt  of 
Ani(>ient  Alnios|>hrrc  oo  tlic  Slabilily  ot  Barium  Titanaie,*/.  Appl.  Phys.,  2t, 
I387-U(I95S). 

*0.  W.  Taylor,  “Elecrric  Properties  of  Niohium-Oaped  Icrreclertfic 
Pb(Zt.Sn.Ti)0, Ceramics."  J.  Appl.  Phys.,  38, 4697-706 ( 1967). 

’W.  C.  Stewarl  and  L.  $.  Cosentino.  "Some  OpTicat  and  Elerirical  Swi(chin| 
Oiaracletislics  of  a  Lead  Zirconale  Tilanale  Fcnoelcctric  Crtamks."  Frrrorfrr- 
rzfrj,  1,  149-67  (1970). 

*D.  B.  Fraser  and  J.  R.  Maldonado.  "Improved  Aging  and  Switching  of  Lead 
Ziicanatc-Lead  Tilanale  Ceramics  wiUi  Indium  EIccIrodes,’/.  Appl.  Phys.,  41, 
2172-76(1970). 

Tt.  Carl,  "Finoeleclric  Pioperlies  and  Fatigue  EfTccu  of  Modified  PbTiO, 
Ceramics,"  Frrrof  If  dries,  9, 23-32  ( 1975). 

'E.  FaUizzio  and  W.  J.  htOT.  Ftnoelrdikily,  pp.  102-104.  North-Holland 
PuMishiiigCo.,  New  Yuri.  1967. 

*R.  Williams,  "Surface  Layer  and  Decay  of  the  Switching  Pioperlies  of  Bar¬ 
ium  Tilanale."  2.  Phys.  Chem.  Solids.  26,  399-405(1965). 

"A.  Yu.  Kudzin  andT.  V.  Panchenko. "Slabilizaliaii of SponlancousPotariza- 
lion  of  BaTiO,  Single  Crystals,"  Sov.  Phys — Solid  Suit  (Cngf.  Transl.l,  14, 
1599-600(1972). 

"W.  R.  Salsneek,  "Some  Fiiigue  Elfcris  in  8/65(35  PLZT  Fine  Grained  Fer- 
loelcclric  Ceramics,"  Ftrrorltdrirs,  4, 97-101  (1972). 

"C.  ).  Taulscher,  Comaminaiion  EJJrds  on  EUcuonir  PfoducU',  pp.  4-3. 
Maiecl  Dekket,  New  York,  1991. 

'TC.  L.  Mina)  and  M.  Antler,  "Effect  of  Surface  Conlaminalkia  on  EIccIrie 
ConlacI  lYrlonnaiicc";  pp.  179-82  in  Trraiisr  on  Cfran  Sutfact  Technology, 
Vol.  I .  Edited  by  K.  L.  Mhlal.  Plenum  Press.  New  York,  1987. 

»W.  Y.  FM,  Q.  M.  Zhang.  Q.  Y.  Jiang,  and  L.  E.  (>».  "EIrciric  Field 
fndurtd  Sirain  in  (rb,Lj)(Zr,Ti)0,  FcirKkettk  Ceramics  under  Ihe  Telragonal- 
Rhoinbohedral  Morpholropic  Phase  Boundiry,"  Ftrrorlecirics,  88,  1-13 
(1988).  O 


APPENDIX  15 


GRAIN  SIZE  DEPENDENCE  OF  ELECTRIC  FATIGUE  BEHAVIOR  OF  HOT  PRESSED 

PLZT  FERROELECTRIC  CERAMICS 


Qiyue  Jiang,  E.  C.  Subtmao,  and  LJE.  Cross 


Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park  PA  16802 


ABSTRACT 

The  decrease  in  remnant  polarization,  Pr,  and  increase  in  coercive  field,  Ec,  of 
ferroelectric  ceramics  subjected  to  a  large  a.c.  electric  field  is  termed  electric  fatigue.  In 
transparent  hot-pressed  lanthanum  doped  lead  zirconate  titanate  (PLZT)  ceramics,  electric 
fatigue  was  not  detected  even  after  10^  cycles  when  grain  size  is  small  (~5  fim)  but  became 
increasingly  severe  as  the  grain  size  increases  to  10  ^m  and  beytmd.  The  electric  field  causes 
large  strains  10*^)  due  to  the  anisotropic  piezodectric  and  electrostrictive  coefficients  of 
the  material,  which  results  in  intergranular  microcracldng  due  to  incompatible  deformations. 
The  effective  field  on  a  grain  in  a  cracked  sample  is  less  than  the  applied  field,  limiting 
dotxuun  switching  and  polarization.  The  microcracking  occurs  only  in  the  electroded,  fatigued 
region  of  the  sample  and  is  irutiated  cm  tire  high  voltage  terminal  side.  The  microscc^ic  and 
acoustic  emisaon  data  support  the  prcqrosed  mechanism  of  electric  fatigue.  An  estimate  of  the 
critical  grain  size  for  micToctacking  due  to  electric  stress,  based  cm  energy  criterion,  is  in 
good  agreement  with  experiment  The  inocess  of  crack  growth  during  electric  fatigue  is  also 
elucidated. 
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1.  INTRODUCTION 

One  of  the  chief  characteristics  of  a  ferroeiectric  material  is  the  existence  of  a  hysteresis 
loop,  arising  from  changes  in  polarization  under  the  influence  of  an  applied  a.c.  field.  Four 
decade  ago,  McQuarrie  [1]  reported  changes  in  the  shape  of  the  hysteresis  loop  (i.e.  in 
remnant  polarization,  Pp,  maximum  polarization.  Pm,  and  coercive  field  Ec)  when  the  electric 
field  is  applied  for  a  long  time  (i.e.  many  cycles)  and  the  phenomena  is  named  'aging'  or 
'electric  fatigue'.  This  is  attributed  to  the  various  impediments  to  the  fire,  easy  domain  wall 
motions  [1-4].  This  effect  severely  limits  the  long  term  reliability  of  ferroelectric  and 
piezoelectric  ceramics  in  high  strain  applications  such  as  electromechanical  actuators  and  in 
thin  film  non-volatile  memory  devices. 

Fracture  behavior  is  exhibited  in  single  phase  ceramics  due  to  elastic  anisotropy  when 
they  are  subjected  to  cyclic  mechanical  stress  or  due  to  thermal  expansion  anisotropy  under 
the  influence  of  temperature  cycling  [5-7].  Various  factors  influencing  fracture  behavior  of 
ceramics  due  to  cyclic  mechanical  and  thermal  stress  have  been  studied,  including  the 
importance  of  grain  size,  phase  transitions  and  pores  [8- 1 1].  In  the  case  of  ferroelectric 
ceramics  of  concern  here,  application  of  an  a.c.  electric  field  over  a  long  period  can  also  lead 
to  electric  fatigue.  Though  some  investigations  have  been  carried  out  on  electric  fatigue  of 
ferroelectric  ceramics  [12,13],  covering  the  wave  character  of  the  applied  field  [12],  types  of 
electrodes  [12,14],  ambient  conditions  [12],  restoration  of  decayed  properties  though 
annealing  [12]  etc.,  there  appear  to  be  some  contradictions.  Therefore  a  comprehensive  study 
of  electric  fatigue  of  PZT  and  PLZT  ceramics  was  undertaken  [IS],  which  included  the 
effects  of  surface  contamination  [16],  porosity  [17],  composition  and  temperature.  The 
present  paper  covers  die  influence  of  grain  size  on  electric  fatigue  behavior  of  hot  pressed 
PLZT  ceramics. 

Ceramic  PLZT  was  chosen  for  this  study  because  of  its  relatively  low  coercive  field, 
large  polarization  and  square  hysteresis  loop.  Hot  pressed  PLZT  ceramics  are  transparent, 
nearly  pore  free  and  thereby  some  of  the  complications  present  in  conventional  ceramics  are 
avoided.  The  effect  of  grain  size  on  electric  fatigue  and  the  estimation  of  critical  grain  size  are 
emphasized  here.  The  process  of  crack  growth  during  electric  fatigue  was  investigated.  A 
mechanism  for  electric  fatigue  based  on  large  anisotropic  deformations  is  suggested. 

2.  EXPERIMENTAL 
2.1.  Specimen  Preparation 

The  hot  pressed  lanthanum  doped  lead  zirvonate  titanate,  PLZT  7/68/32  (mole  ratio  of 
La/Zr/Ti)  samples  wore  obtained  from  the  Shanghai  Institute  of  Ceramics  in  China. 
According  to  Li  et  al  [18],  the  preparation  procedure  consists  of  the  following  steps:  for  the 
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preparation  of  powders,  the  citrate  solutions  of  the  different  elements  (Pb.  Zr,  Ti  and  La) 
were  prepared  and  the  elemental  concentration  in  each  solution  was  determined.  For  the 
desired  oxide  composition  of  the  formula  Pbo.93Lao.07(Zro.68T'io.o.32)o.982503  the  required 
volumes  of  the  different  citrate  solutions  were  computed,  measured  and  mixed.  The  mixed 
solution  was  sprayed  into  alcohol.  After  coprecipitation,  the  precipitates  were  vacuum  dried, 
thermally  decomposed  and  synthesized,  resuldng  in  a  highly  dispersed,  homogeneous,  active 
powder.  Green  bodies  of  cylindrical  shape  were  formed  from  these  powders  by  isostatic 
pressing  and  finally  hot  pressed  at  a  temperature  of  1200  ®C  for  20  hours  under  a  pressure  ot 
200  kg/cm^.  Lead  loss  during  hot  pressing  was  compensated  by  including  excess  PbO 
during  baking.  The  hot  pressed  ceramic  specimen  was  cut  into  slugs  and  the  slugs  were 
heated  at  temperature  from  1340  to  1370  for  72  to  288  hours  to  achieve  grain  growth 
The  reheating  at  temperatures  140-170OC  higher  than  the  hot  pressing  temperature  did  not 
lead  to  changes  in  porosity,  density,  grain  boundary  thickness  or  crystalline  habits.  The 
original  hot  pressed  sample  has  a  grain  size  of  5  pm,  which  increased  to  10, 18  and  25  pm 
as  a  result  of  the  heat  treatment. 

2.2.  Electrical  Properties 

The  surfaces  of  the  ceramic  specimen  (150-300  pm  in  thickness)  were  carefully 
cleaned  using  an  improved  procedure  to  avoid  fatigue  induced  by  surface  contamination  [  16| 
and  finally  electroded  with  sputtered  gold. 

The  properties  studied  were  the  remnant  polarization  (Pr),  the  maximum  polarization 
(Pin)  and  the  coercive  field  (Ec),  as  a  sine  wave  of  100  Hz  was  applied  to  switch  the 
polarization.  Using  a  conventional  Sawyer-Tower  circuit,  the  P-E  hysteresis  loops  were 
recorded  on  a  Nicolet  214  digital  oscilloscope.  The  polarization  and  coercive  field  were 
calculated  from  the  measured  hysteresis  loops,  llte  transverse  strain  due  to  the  ^plication  of 
an  a.c.  field,  the  same  as  in  polarization  studies,  was  measured  by  a  foil  type  strain  gage 
(Kyowa  KRF-02-C1-1 1)  bonded  to  the  sample  surface  with  a  suitable  gage  cement  The 
resistance  of  the  strain  gage  changes  with  the  same  frequency  due  to  its  dimensional  change 
caused  by  electrostriction  of  the  sample.  The  resistance  changes  were  converted  into 
corresponding  voltages  aiKl  recorded  on  a  Nicolet  214  digital  oscilloscope,  simultaneously 
with  the  P-E  hysteresis  loops. 

The  I-V  characteristics  of  the  virgin  arxl  fatigued  samples  were  studied  using  a  HP 
4140B  picoammeter  to  sweep  the  voltage  and  measure  the  current 

2.3.  Microscopy 

The  surfaces  and  fractured  faces  of  the  fatigued  samples  were  observed  by  Scanning 
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Electron  Microscope  (SEM),  while  the  changes  in  the  bulk  of  ceramic  were  studied  using  an 
optical  microscope,  taking  advantage  of  the  transmitted  light  through  the  transparent  PLZT 
ceramics.  The  gold  electrodes  had  to  be  removed  by  chemical  etching  or  polishing  before 
microscopic  examination. 

2.4.  Acoustic  Emission 

Acoustic  emission  (AE)  which  detects  elastic  waves  generated  by  sudden  deformation 
in  stressed  material  was  employed  to  study  the  fatigue  behavior  of  PLZT  ceramics.  A  R15 
sensor  which  has  a  sensitivity  of  0.33  millivolts/fabar  at  the  100-500  Hz  frequency  range 
was  bonded  to  the  sample  with  vacuum  grease.  The  acoustic  signals  from  the  sample  were 
converted  into  electric  signals,  amplified,  filtered  and  processed  through  a  LOCAN  320 
computerized  acoustic  emission  system  and  finally  displayed  on  a  screen  or  printed  on  a  strip 
chart  recorder.  The  ringdown  counts  which  is  the  number  of  times  the  AE  signal  exceeds  the 
threshold  are  enq)ioyed  to  observe  the  cumulative  counts  and  count  rate  as  a  function  of  time. 

3.  RESULTS 
3.1.  Electric  Fatigue 

The  normalized  polarization  and  coercive  field  of  hot  pressed  7/68/32  PLZT  ceramics 
of  four  different  grain  sizes  is  shown  in  Fig.  1  as  a  function  of  the  number  of  switching 
cycles.  Qearly,  PLZT  ceramics  with  the  smallest  grain  size  (5  urn)  docs  not  show  fatigue 
effect  even  after  nearly  10^  cycles,  while  Pr  and  Ec  are  affected  markedly  in  ceramics  with 
larger  grain  sizes.  The  start  of  the  degradation  occurs  at  lower  number  of  cycles,  as  the  grain 
size  increases.  In  order  to  make  a  quantitative  comparison  of  the  fatigue  rates,  a  parameter 
C(Pn )  is  defined  as  the  switching  cycles  when  the  normalized  polarization  equals  Pn  ( 0^  Pn 
:^1).  Such  Pn  parameters  are  listed  in  Table  1  for  three  grain  sizes  and  three  Pn  values, 
deduced  from  Fig.  1.  The  fatigue  rates  vary  by  1  to  3  orders  of  magnitude  for  different  grain 
sizes. 

The  strain  in  the  fatigue  process  was  measured  in  die  specimen  with  a  grain  size  of  1 X 
pm,  together  with  die  corresponding  polarization  (Rg.2a).  The  strain-field  curves  for  the 
same  saii^le  at  the  beginning  and  end  of  the  fatigue  experiment  as  shown  in  Fig.2b.  The 
strain  as  well  as  polarization  decrease  rapidly  with  increase  in  switching  cycles. 

The  fatigued  samples  were  heat  treated  at  300  °C  for  2  hours.  However  the  electrical 
properties  were  not  fully  restored  by  heat  treatment  (Table  2),  dirough  there  was  partial 
recovery.  During  a  repeat  fatigue  test  on  the  heat  treated  san^le  with  10  pm  size  grains,  it 
showed  a  faster  fatigue  rate  than  in  the  previous  fatigue  test 
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3.2.  Microcracking 

The  scanning  electron  micrograph  of  a  fatigued  sample  with  18  pm  gains  (Fig.3a) 
shows  that  the  grains  were  loosely  connected  with  each  other  and  some  pull-outs  occur  near 
the  surface  but  no  transgranular  cracking  is  evident.  On  the  other  hand,  the  micrograph  of  the 
fractured  surface  of  the  same  sample  (Fig.3b)  shows  mainly  transgranular  fracture  with  some 
intergranular  cracking  near  the  surface  region.  Under  transmitted  light,  the  optical 
micrograph  distinguishes  the  electroded,  fatigued  area  (shaded  portion)  from  the 
unelectroded,  unfatigued  area  (white  portions)  in  Fig.4.  The  fatigued  portion  became  only 
partially  transparent  since  light  appears  not  to  go  through  grain  boundaries,  perhaps  due  to 
grain-grain  separations  resulting  from  intergranular  microcracking.  Further,  it  was  observed 
that  the  cracked  layer  due  to  intergranular  cracking  exists  near  the  high  voltage  terminal  side 
and  does  not  extended  through  the  body,  consistent  with  the  scanning  electron  micrograph 
(Fig.3b)  which  shows  that  intergranular  fracture  does  not  go  through  the  thickness  direction. 

The  occurrence  of  microcracks  during  the  fatigue  test  on  a  sample  with  18  pm  grain 
size  is  further  corroborated  by  the  extensive  acoustic  emission  activity  detected  in  this  sample 
(Fig.5).  The  acoustic  emission  counts  observed  soon  after  the  application  of  the  a.c.  field  are 
due  to  the  macroscopic  cracking  occurring  near  the  edges  of  the  electrodes. 

4.  DISCUSSION 

The  electrical,  microscopic  and  acoustic  emission  study  clearly  shows  that  electric 
fatigue  is  absent  in  PLZT  samples  with  small  grain  size  (~5  pm)  and  increases  in  severity  as 
the  grain  size  of  PLZT  samples  increases  (^10  pm).  The  micrographs  and  acoustic  emission 
further  demonstrate  that  the  enhanced  fatigue  rate  in  large  grain  PLZT  ceramics  is  due  to 
microcracking.  Though  the  relationship  between  electric  fatigue  and  microcracldng  in 
ferroelectric  ceramics  has  not  been  investigated  earlier,  the  role  of  electric  field  on 
microcracking  of  these  materials  has  been  studied  and  is  summarized  below. 

4.1.  Origin  of  Microcracks 

Microcracking  in  single  phase  conventional  cerarrucs  can  result  from  internal  stress 
between  grains  due  to  incompatible  strains  produced  by  phase  transformation  [19],  thermal 
expansion  arusotropy  [5-7, 20-28],  elastic  anisotropy  [24, 29],  thermal  shock  etc.[30].  In 
the  case  of  ferroelectric  ceramics,  microcracking  due  to  phase  transition  and  thermal 
expansion  anisotropy  in  BaTlOs  [10]  and  PbTiOji  (9, 32]  has  been  studied  and  the  role  of 
grain  size  [9, 1 1, 31]  in  this  connection  has  been  examined.  In  addition,  stress 
concentrations  during  poling  of  ferroelectric  ceramics  particularly  lead  zirconate  titanate 
(PZT)  cerarrucs,  BallQB  and  PbTi03  by  large  <k  electric  frelds  can  also  cause  microcracking 
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[8, 1 1, 13, 33-42].  One  of  the  characteristics  of  piezoelectric  and  ferroelectric  materials  is  the 
large  deformation  (>10*^)  under  applied  electric  field,  which  makes  these  materials  excellent 
transducer  and  actuator  materials.  This  strain  is  near  the  failure  strain  (~10*^)  in  conventional 
ceramics  [43].  The  piezoelectric  and  electrostrictive  coefficients  are  anisotropic  and  therefore 
electric  stress  causes  non-uniform  deformation  depending  upon  different  orientations  of  the 
grains. 

Thus,  microcracking  in  the  fatigue  process  in  large  grain  PLZT  ceramics  could  result 
from  incompatible  deformation  of  grains  under  large  electric  field.  As  can  be  seen  in  Fig.2b. 
a  large  contraction  (-10*3)  jn  plzT  sample  can  be  produced  by  ^plied  field  due  to  direct 
piezoelectric  and  electrostrictive  effects.  Since  piezoelectric  and  electrostrictive  coefficients  of 
crystalline  solids  are  anisotropic,  the  strains  produced  by  these  two  effects  are  also 
anisotropic  and  can  be  expressed  by 

Xij  =  dmij  Em  +  Mmnij  Em  En  (1) 

where  x,  E,  d  and  M  are  strain,  electric  field,  piezoelectric  coefficient  and  electrostrictive 
coefficient,  respectively. 

In  the  PLZT  polyciystalline  samples,  each  grain  is  surrounded  by  other  grains  which 
have  different  crystallographic  orientations;  the  orientation  mismatch  of  grains  can  give  rise 
to  incompatible  deformation  when  a  large  electric  field  is  applied,  which  in  turn  generates 
internal  stress  between  individual  grains.  When  these  stresses  exceed  a  certain  value, 
microcracking  takes  place  in  britde  solids  to  relieve  the  strain  energy.  The  intergranular 
microcracking  observed  in  the  present  work  often  results  from  changes  in  the  shpe  of 
individual  grains  [8].  In  the  present  study,  microcracking  was  strongly  dependent  on  grain 
size;  it  did  not  occur  until  a  critical  size  (5-10  lun)  was  reached  and  became  more  severe  with 
increasing  grain  size, 

4.2.  (Tiitical  Grain  Size  for  Microcracking 

The  grain  size  dependence  of  pontaneous  cracking  in  ceramics  due  to  thermal 
expansion  anisotropy  or  phase  transformation  has  been  studied  extensively  [8, 9, 20-25, 

28],  There  are  several  models  to  predict  the  critical  grain  size  above  which  the  spontaneous 
cracking  can  occur.  Qarke  [20]  proposed  a  2D  energy  model  for  combined  efiects  of  internal 
and  pplied  stress  on  strength;  Davidge  and  Green  |44)  gave  a  3D  energy  model  for  cracking 
around  second  phase  particles;  Qeveland  and  Bradt  (23]  presented  a  model  based  on  an 
energy  criterion  to  calculate  the  critical  grain  .size  for  microcracking  in  pseudobroo^te  oxides 
due  to  thermal  expansion  aiusotropy  and  the  results  were  in  good  agreemoit  witii  the 
experimental  observations.  Since  microcracking  in  our  experiments  is  due  to  the  anisotropic 
changes  in  tiie  shapes  of  the  individual  grains,  the  energy  criterion  model  is  adapted  and 
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modified  in  our  work. 

The  energy  criterion  for  microcrack  formation  is  based  on  the  necessary,  but  not 
always  sufficient,  condition  that  when  internal  microcracks  occur,  the  released  elastic  strain 
energy  must  equal  or  exceed  the  energy  required  for  the  formation  of  new  fracture  surfaces. 
When  micTOcracks  form,  the  anisotropic  strain  energy  (Ua),  which  is  a  volume  function,  will 
be  converted  to  fracture  surface  energy  (Us),  which  is  an  areal  function.  The  energy  equation 
can  be  expressed  as: 

Ut  =  Uo  -  Ua  +  Us  (2) 

where  Ut  is  the  total  energy  of  the  system  and  Uo  is  the  energy  of  the  unmicrocracked  body. 
The  total  energy  of  a  grain  is: 

Ut  =  Uo-Eal3+gbl2  (3) 

where  Ea  is  the  average  anisotropic  energy  per  unit  volume,  8b  is  the  average  fracture  surface 
energy  per  unit  area,  1  is  the  average  grain  size.  Differentiating  equation  (3)  with  respect  to  1 
and  setting  it  to  zero  yields  the  critical  grain  size;  Ic: 

'c=^-  W 

The  anisotropic  strain  energies  in  PZT  and  PLZT  7/68/32  ceramic  systems  are  mainly 
produced  by  piezoelectric  effects,  and  can  be  expressed  as: 

Ea«^  s  X2  =  jc  x2 

=  5c((d33-d3l)E)2  (5) 

where  E  is  the  electric  field.  For  PCT  and  PLZT  ceramics  with  compositions  close  to 
phase  boundary,  c°ii  =  c®22  ~  14x10^0  N/m^  [45];  d33  ~  800x10*^2  m/v,  and 
d3i=d32  ~  -400x10*^2  m/v  which  were  measured  at  large  electric  field  (E  =15  kv/cm).  Here 
we  choose  c=c°ii.  Substituting  these  values  in  the  equation  (S)  results  in ; 

Ea=  2.27  xl05  N/m2. 

The  gb  may  be  approximated  firom  the  fracture  surface  energy  gpc  of  polycrystalline  ceramic 
by  taking  gb  ~  2/3  gpc,  because  the  atomic  bounding  at  grain  boundary  is  imperfect  [43].  The 
gpc  in  PZT  ceramic  system  is  4  J/m^  according  to  Pohanka  and  Smith  [46],  resulting  in  gb  - 
2.4  J/n^.  Substituting  Ea  and  gb  value  into  Eq.  (4)  gives: 

Ic  =  7.05x10-^  m  =  7.05  pm . 

This  value  is  in  good  agreement  with  the  experimental  result;  when  the  grain  size  was  larger 
than  5  pm,  microcracking  occurred.  The  critical  grain  size  can  be  used  to  predict  fatigue 
behavior  and  is  a  limiting  parameter  in  designing  reliable  devices.  The  reader  should  be 
aware  diat  since  the  calculation  of  the  critical  grain  size  is  an  approximate  estimation,  and 
does  not  consider  the  effect  of  the  physical  defects,  such  as  pores  and  microcracks  which 


7 


may  already  exist  before  the  field  is  applied,  the  critical  grain  size  for  microcracking  in  real 
situations  may  be  somewhat  lower  than  the  calculated  value. 

4.3.  Crack  Growth  in  Fatigue  Process 

Microcracking  due  to  thermal  expansion  anisotropy  or  dielectric  stress  during  EXT 
poling  can  relieve  the  strain  energy  and  relax  the  internal  stress.  However,  in  the  case  of  AC 
field  switching,  the  situation  is  complicated  by  cyclic  deformation  of  grains  at  a  certain 
frequency.  The  noncracked  grains  experience  the  full  magnitude  of  the  applied  field  and  are 
therefore  switchable  with  the  field,  while  grains  containing  microcracks  see  a  lower  effective 
field  because  of  the  voltage  drop  across  the  cracks,  if  the  cracks  are  perpendicular  to  the 
applied  field.  This  lower  effective  field  may  not  be  large  enough  to  switch  these  grains.The 
enhanced  dielectric  stress  concentration  at  the  crack  tips  can  result  in  severe  incompatible 
deformation  near  the  tips  of  the  cracks.  As  can  be  seen  from  Fig.4,  this  dielectric  stress 
concentration  greatly  promoted  the  cracks  to  grow  perpendicularly  to  the  field  direction  until 
the  cracks  spread  all  over  the  electroded  region,  similar  to  the  observation  on  poled  PZT 
ceramics  [33].  In  the  large  grain  samples  (>10pm),  it  was  observed  that  the  cracked  grains 
formed  a  layer  which  was  almost  parallel  to  the  surface;  this  layer  was  closer  to  the  high 
voltage  terminal  face.  The  measurement  of  the  current  as  a  function  of  voltage  shown  in 
Fig.6  indicates  that  the  resistance  of  the  fatigued  sample  did  not  change  even  after  the 
fatigued  sample  was  soaked  in  warm  water  for  24  hours,  which  proves  tiiat  microcracking  in 
large  grain  samples  did  not  propagate  across  the  sample  thickness.  This  can  also  explain  why 
electric  breakdown  was  never  observed  in  our  fatigue  experiments. 

The  decrease  of  the  polarization  and  increase  of  the  coercive  field  with  the  switching 
cycles  in  large  grain  samples  are  due  to  the  fact  that  the  :q)plied  field  is  concentrated  on  the 
cracks  perpendicular  to  it,  resulting  in  the  decrease  of  the  effective  field  on  the  grains.  This 
rediKtion  of  the  effective  field  may  have  two  consequences;  (1)  the  cracks  at  the  grain 
boundaries  are  so  wide  tiiat  most  of  the  applied  field  acts  on  the  cracks  with  the  effective  field 
over  grains  reduced  to  a  level  less  than  tiie  coercive  field,  resulting  in  non-switching  of 
domains  and  consequent  decrease  of  the  polarization,  (2)  although  the  grain  boundaries 
cracked,  the  grains  still  have  intimate  contact  with  each  other  (not  by  atomic  bonding),  the 
field  only  partially  acts  on  the  cracks;  and  the  rest  of  the  field  acting  on  these  grains  is  still 
large  enough  to  switch  tiie  domains  of  these  grains.  In  the  latter  case,  the  Ec  is  increased  due 
to  the  partial  voltage  drop  at  the  cracks,  thus  explaining  why  the  Ec  always  increases  in  the 
fatigue  resulting  from  mechanical  cracking.  From  our  experiments  it  is  found  that  the  change 
of  Ec  can  be  used  to  determine  qualitatively  the  mechanism  of  the  fatigue;  when  tit^  Ec 
increases  sharply  with  switching  cycles,  the  fatigue  process  is  dominated  by  microCTacking 
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mechanism;  if  the  Ec  remains  nearly  constant,  the  fatigue  process  is  dominated  by  domain 
pinning  mechanism. 

5.  CONCLUSIONS 

Grain  size  dependence  of  fracture  in  ceramics  due  to  microcracking  arising  from  elastic 
and  thermal  expansion  anisotropy  is  well  studied.  In  the  present  study,  transparent,  hot 
pressed  fenoelcctric  ceramics  (lanthanum  doped  lead  zirconate  titanate,  PLZT)  was  subjec  ted 
to  a  large  a.  c.  electric  field  of  1(X)  Hz  frequency,  similar  to  the  conditions  employed  in 
electromechanical  actuators  and  non-volatile  memory  devices  requiring  high  reliability. 
Electric  fatigue,  defined  as  a  decrease  of  permanent  polarization  and  increase  of  coercive  field 
under  a.  c.  field,  was  not  detected  for  small  grain  size  (~5  |im)  samples,  but  was  found  at 
large  grain  sizes  (>10  |im).  The  severity  of  fatigue,  indicated  by  the  beginning  and 
magnitude  of  decay  in  electrical  properties,  increased  with  grain  size.This  is  attributed  to 
intergranular  microcracking  caused  by  incompatible  large  deformations  (-10*3)  brought  about 
by  the  anisotropic  piezoelectric  and  electrostrictive  coefficients.  Microscopic  and  acoustic 
emission  data  provide  evidence  for  the  microcracking.  The  electric  field  in  a  microcracked 
saii^Ie  gets  concentrated  at  the  crack  tips,  resulting  in  an  effective  field  less  than  the  applied 
field  acting  on  the  grain,  which  limits  the  domain  switching  and  consequently  polarization. 
An  estimate  of  the  critkal  grain  size  for  miaocracking  due  to  electric  stress  in  PLZT  ceramics 
is  made  on  the  basis  of  energy  criterion  and  is  in  good  agreement  with  the  experiment.  The 
crack  growdt  was  found  to  taka  place  across  the  sample  near  the  high  voltage  terminal  face 
and  not  across  the  dtickness  of  the  sample.  This  is  substantiated  by  the  absence  of  electrical 
breakdown  or  change  in  electrical  resistance  in  fatigued  (microcracked)  samples. 
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Table  1.  The  fatigue  rates  C(Pn)  (cycles)  of  hot  pressed  PLZT  7/68/32 
with  different  grain  sizes. 


Grain  size 

C(0.8) 

C(0.7) 

C(0.6) 

10|im 

2*107 

>5*107 

18  |im 

1.5*105 

2*105 

25  urn 

HEBcuMilii 

5.5*10^ 

8*104 

Table  2.  Changes  of  the  remnant  polarization  and  coercive  field 
for  large  grain  PLZT  7/68/32  ceramics 


Grain  size 

10 

BSIH 

18 

iSH 

25 

m 

(nc/cm^),  (kv/cm) 

Pr 

Ec 

Pr 

Ec 

Pr 

Ec 

Before  fatigue 

26.4 

7,3 

26,6 

6,5 

27.0 

6.6 

After  fatigue 

18,5 

8,9 

3,2 

11,2 

2.6 

9.3 

After  300  oc,  2hrs 

23.0 

9,1 

4,8 

11.7 

6.0 

11.4 

Figure  Gq)tion: 


Fig.  1.  The  normalized  remnant  polarization  and  coercive  field  as  a  function  of  the  switching 
cycles  of  hot  pressed  PLZT  7/68/32  ceramics  with  different  grain  sizes. 

Fig.  2.  (a)  The  transverse  strain  and  the  polarization  as  a  function  of  the  switching  cycles, 
and  (b)  the  transverse  strain-field  curves,  for  hot  pressed  PLZT  7/68/32  ceramic  with  grain 
size  18  pm. 

Fig.  3.  Microstructure  of  the  fatigued  sample  (hot  pressed  PLZT  7/68/32)  observed  by 
SEM.  (a)  Surface  under  electrode  and  (b)  fractured  surface. 

Fig.  4.  Microcracks  in  a  hot  pressed  PLZT  7/68/32  large  grain  sample  observed  by  optical 
microscope,  (a)  500X,  and  (b)  lOOOX. 

Fig.  5.  Acoustic  emissions  as  a  function  of  time  detected  from  hot  pressed  PLZT  7/68/32 
sample  with  18  pm  grain  size,  (a)  Emission  rate  and  (b)  cumulative  emission. 

Fig.  6.  Current  as  a  function  of  voltage  for  hot  pressed  PLZT  7/68/32  sample  with  25  pm 
grain  size. 
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Normalized  Coercive  Field  Normalized  Polarization 
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EFFECT  OF  COMPOSITION  AND  TEMPERATURE  ON  ELECTRIC  FATIGUE 
OF  LA-DOPED  LEAD  ZIRCONATE  TITANATE  CERAMICS 

Q.  Y.  Jiang.  E.  C.  Subbarao  and  L.  E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park.  PA.  16802 

ABSTRACT 

Composition  and  temperature  of  ferroelectric  La-doped  lead  zirconate  dtanate  (PLZT) 
ceramics  influence  its  electric  fatigue  behavior.  deEned  as  the  degradation  of  the  electrical 
properties  under  the  action  of  an  a.c.  field  applied  for  a  long  time.  Compositions  of 
rfaombohedral  symmetry  exhibit  little  or  no  fatigue  con^ared  with  those  of  tetragonal  and 
oithoifaombic  symmetry.  At  temperatures  hi^ier  than  die  dielectric  maximum,  no  fatigue  effea 
was  detected.  Composititms  close  to  phase  boundaries  (FE-AFE.  FE-FE,  or  FE-PE)  display 
signiEcant  fatigue  behavior.  Electric  fatigue  arises  from  the  pinning  of  domains  by  iq>ace 
charges  or  injected  cairiers  ot  from  microcracking.  The  fmmer  (which  are  charge  related)  is 
accompanied  by  smaller  strains  and  is  recoverable  by  thermal  and  electrical  treatment,  while  the 
latter  (arising  from  microcracking)  arises  from  large  incompatible  stresses  between  grains  and  is 
a  permanent  dam^.  The  understanding  of  the  mechanism  of  electric  frdgoe  gained  in  the 
present  study  provides  guidelines  for  enhancing  the  Itmg  term  reliability  of  devices  based  on 
ferroic  matnials. 
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1.  INTRODUCTION 

Comp<»ition-temperature  diagrams  play  an  important  role  in  the  understanding  of  the 
behavior  of  materials.  In  the  case  of  lanthanum-doped  lead  zirconate  titanate  ceramics,  which 
constitute  an  important  class  of  fenoelectric  materials  with  applications  spanning  from  high- 
strain  electromechanical  transducers  to  thin  film  non-volatile  memory  devices,  such  a 
composition-temperature  diagram  encompasses;  (i)  a  variety  of  ferroic  phases  such  as  one  or 
more  ferroelectric  (FE),  antifenroelectric  (AFE)  and  paraelectric  (PE)  phases  separated  from  each 
other  by  phase  boundaries;  spatial  composititm  fluctuations  within  a  given  sample,  resulting  in  a 
ferroelectric  relaxor  type  behavior,  are  also  possible  and  (ii)  a  cubic  perovskite  structure  with  a 
range  of  subtle  distortions  giving  rise  to  tetragonal  (T)  and  rtiombirfredral  (R)  symmetries.  Pure 
lead  zirconate  has  monoclinic  S3rmmetry. 

These  features  are  displayed  in  the  {dtase  diagram  for  the  PLZT  system  at  room 
temperature  (Fig.  1)  in  which  the  hatched  region  separating  the  FE-AFE  and  FE-PE  phases 
denotes  a  region  where  a  diflkise.  metasudife  ferroelectric  phase  can  be  induced  by  a  sufficiently 
large  electric  field.  The  addition  of  La  to  the  basic  lead  zirconaie  titanate  (P2n>)  system  confers 
many  beneficial  effects  such  as  increased  stpiateness  of  the  (P-E)  hysteresis  loop,  decreased 
coercive  field  (Ec).  enhanced  dielectric  and  piezoelectric  properties  and  larger  electromechanical 
coupling  coefficiems,  improved  mechanical  compliance  and  transparency!.  A  property  exhibited 
by  various  PLZT  cotrqiositioas,  vriiich  is  of  specific  significance  to  the  present  study,  is  the 
variety  of  hysteresis  loops.  These  include  (a)  ferroelectric  (FEp)  square  loop  with  a  large  Ec  and 
a  linear  electro-optic  behavior,  (b)  ferroelectric  switdiable  square  loop  (FEr)  witii  high 
polarization  and  low  Ec;  (c)  Slim  loop  with  no  remanam  polarization  but  hi^  induced 
polarization  when  subjected  to  an  electric  field,  also  possessing  a  bifiingetice  which  is  a 
quadratic  fimction  of  the  electric  field,  and  a  large  electrostrictive  effect;  and  (d)  a  double 
hysteresis  loop,  characteristic  of  AFE  materials,  near  the  AFE-FE  phase  boundary.  Thus,  a 
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wide  variety  of  feiroic  behavior  is  exhibited  by  these  materials,  depending  upon  composition 
and  crystal  symmetry. 

Another  aspect  of  considerable  importance  to  the  present  study  is  the  fact  that  die  crystal 
structure  of  some  of  these  compositions  is  very  sensitive  to  the  electric  field  and  stress^,  for 
example,  a  thermally  depoled  state  which  is  macroscopically  cubic  with  micropolar  regions^  and 
electrically  poled  states  with  macrodomains  having  an  orthorhombic  symmetry  at  room 

temperatuic2.A5. 

To  ensure  the  long  term  reliability  of  a  ran^  of  important  devices  based  on  these 
materials  involving  application  of  an  a.c.  field  for  a  large  number  of  cycles,  a  clear 
understanding  of  the  physics  underlying  their  behavior  is  necessary  and  is  undertaken  as  a  pan 
of  a  comprehensive  study  of  the  fatigue  behavior  of  PL2T  ceramics^  including  the  effect  of 
surface  treatment^,  porosity^,  grain  size^  etc..'nw  property  studied  is  electric  fatigue,  which  is 
the  change  in  electrical  properties  (decrease  of  remanant  p  . rization,  Pf.  and  increase  of 
coercive  field.  Ec)  under  the  influence  of  an  a.c.  field.  A  range  of  composititms  in  PLZT  system 
were  selected  to  cover  ferroelectric,  antiferroelectric,  paraelecttic  and  relaxor  ferroic  behavior, 
spaiming  cubic,  tetragonal,  thombohedral  and  (induced)  orthorhombic  symmetries.  For  a  given 
composition,  electric  fatigue  at  various  temperatures  was  examined  to  elucidate  the  role  of  the 
type  of  ferroic  behavior  and  crystal  structure.  For  clarification  of  die  arguments  presented,  two 
materials  not  belonging  to  the  PLZT  system  were  included  in  the  study;  these  are  the  well 
Imown  relaxor  ferroelectric  of  lead  magnesium  niobate  (PMN)  compcsition  and  a  single  crystal 
of  foToelectric  triglycine  sulfate  (TGS)  whidi  has  only  180>’  domain  configuration. 

There  are  three  earlier  studies  of  relevance  to  the  present  wotic.  Taylor^o  studied  the 
compositional  dependence  of  the  fatigue  behavior  of  Pbo.99[(ZrxSny)i.z  Tizlo.98Nbo.02Q} 
ternary  composition  and  found  minimum  fatigue  at  x^.5,  ysO.5  and  z^O.M  and  maximum 
fatigue  at  x^O.S,  ysO.2  and  zs0.06.  These  effects  were  attributed  to  the  nu^tude  of  the  field 
induced  strain  (due  to  domain  reorientations),  the  larger  strain  leading  to  a  greater  decay. 
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However,  some  of  the  samples  of  the  present  study  on  hot  pressed  PLZT  (7/68/32  and  7/65/35) 
with  a  small  grain  size  has  the  same  magnitude  of  strain  as  the  most  fatigued  composition  of 
Taylor,  but  without  exhibiting  any  electric  fatigue,  suggesting  that  factors  other  than  the 
magnitude  of  electrically  induced  strain  need  also  to  be  considered.  Freimen  et  al^l  found  that 
the  critical  fracture  toughness  Ktc  (stress  intensity  factor)  of  PZT  ceramics  plotted  as  a  function 
of  %  PbTiOa  exhibited  minima  at  the  phase  boundaries  (AFEo-FEr(LT)^  FErCLT),fEr(HT)  j^d 
F^(HT).FEf),  especially  at  the  morphotropic  boundary  between  tetragonal  and  rhombohedral 
phases  (Fig.  2).  According  to  these  authors,  both  domain  twinning  and  microcracking  could 
reduce  and  redistribute  the  stress  and  increase  the  fracture  energy  with  a  trade-off  between 
twiiuiing  and  microcracking  giving  rise  to  the  observed  minima  and  maxima  in  Fig.  2.  It  must 
be  pointed  out  that  the  behavior  of  these  materials  under  an  applied  a.c.  electric  field  may  not 
necessarily  correspond  to  the  fracture  behavior  under  static  mechanical  stress. 

The  only  study  of  die  effect  of  temperature  on  fatigue  behavior  of  ferroelectrics  is  that  of 
Stadler^2  y^tio  did  not  find  any  consistent  fatigue  behavior  in  BaTi03  single  crystals  in  the 
temperature  range  of  *195  ^  and  room  temperature. 


n.  EXPERIMENTAL 

That  ate  two  ferroelectric  (rhombohedral  and  tetragonal),  an  antifertoelecttic  and  a 
paraelectric  {diases  present  at  room  temperature  in  the  PLZT  system  (Hg.  1).  The  compositions 
(La/Zr/Ti)  for  the  present  study  were  selected  to  include  the  ferroelectric  rhombtdiedral  phase 
(7/68/32, 7/6S/3S,  7.6/70/30),  die  vicinity  of  the  rtiombohedral-tetragonal  phase  boundary 
(8/65/35, 8.4/65/35),  die  vicinity  of  the  FE-AFE  mixed  region  (7.9/70/30)  and  the  FE-PE 
mixed  region  (9.5/65/35),  as  marked  in  Fig.  1. 

Schulze^^  has  shown  that  there  is  no  differaice  in  the  phases  obtained  by  conventional 
sintering  and  hot  pressing  processes.  In  order  to  obtain  dense,  pore-free,  transparent  ceramics. 
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all  compositions  except  7/65/35  were  hot  pressed  at  1200  oC  under  a  pressure  of  200  kg/cm - 
for  20  hours  (Table  1).  The  average  grain  size  was  5-7  pm  in  these  samples  (Table  I ).  The 
composition  7/65/35  was  prepared  both  by  hot  pressing  and  solid  state  sintering  route  at 
13(X)±20  The  surfaces  of  the  ceramic  sample  were  ground  with  3  pm  abrasive  and  carefully 
cleaned  using  an  improved  procedure^  to  avoid  fudgue  induced  by  surface  contamination,  and 
finally  electroded  with  sputtered  gold. 

The  properties  studied  were  the  remanant  polarization  (Pr)  and  coercive  field  (Ec), 
calculated  from  the  P-E  hysteresis  loops  obtained  using  a  conventional  Sawyer-Tower  circuit 
and  recorded  on  a  Nicolet  214  digital  oscilloscope.  The  frequency  of  the  applied  a.c.  freld  for 
fatigue  study  is  also  listed  in  Table  1.  The  shape  of  the  hysteresis  loops  provides  important  data 
on  the  nature  of  the  ferroic  behavior. 

In  order  to  study  the  effea  of  crystal  structure  and  ferroic  nature  on  electric  fatigue, 
fatigue  studies  were  carried  out  at  temperatures  below  and  above  the  temperature  corresponding 
to  maximum  dielectric  constant  (Tm*  listed  in  Table  1  for  each  composition,  which  decreases 
with  increasing  La  content).  In  most  cases,  room  temperanue  studies  are  also  included. 

The  surfaces  and  fractured  faces  of  the  f^gued  samples  were  observed  by  scanning 
electron  microscope  (SEM),  while  changes  in  the  bulk  of  the  sample  were  shidied  by  using  an 
optical  microscope,  taking  advantage  of  the  transparency  of  tte  hot  pressed  samples.  The  gold 
electrodes  were  removed  before  optical  microscopic  examinaticm.  The  growth  of  the  cracks  can 
be  deduced  by  focussing  die  optical  miaoscope  at  different  heights  of  the  sample  disc. 

in.  RESULTS 
'  Compositional  Dependence 
A.  Fatigue  in  PLZT  X/65/3S  compositions 

Fatigue  tests  were  carried  out  on  hot  pressed  PLZT  samples  with  compositions  of  the 
same  Zr/Ti  ratio,  X/6S/3S,  for  xs7, 8, 8.4,  and  9.5.  The  location  of  eadi  composition  is 
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marked  in  the  phase  diagram  (Fig.  1).  The  composition  7/6S/3S  is  in  the  ihombohedral  phase 
and  has  stable  square  hysteresis  loop;  8/65/35  and  8.4/65/35  are  near  the  morphotropic  phase 
boundary  region  and  have  unstable  square  hysteresis  loops  which  are  very  sensitive  to  the 
measuring  frequencies  at  room  temperature;  9.5/65/35  is  near  the  mixed  feiToelectric>paraelectric 
phase  regitm  and  has  a  slim  hysteresis  loop  at  room  temperature.  The  fatigue  experiments  were 
carried  out  at  room  temperature  for  all  compositions  except  that  the  composition  9.5/65/35  was 
studied  at  -140  <>€  because  of  the  absence  of  the  square  hysteresis  loop  at  room  temperature. 

Fig.  3  shows  that  fatigue  did  not  occur  for  7/65/35,  but  occurred  in  the  other  three  compositions 
and  proceeded  signiflcantly  for  8/65/35  and  8.4/65/35.  The  Pf  and  (which  is  not  shown 
here)  decreased  and  increased  with  the  increase  of  the  switching  cycles  in  the  three  fatigued 
specimens.  The  variation  of  Ec  is  nearly  a  mirror  image  of  that  of  Pf.  Fig.  4  shows  the 
hysteresis  loops  for  eadi  composition  before  and  after  fatigue  tests;  it  is  noted  that  the  most 
fatigued  two  conq>ositions  have  initial  distorted  hysteresis  loops. 

All  the  fatigued  samples  did  not  recover  after  theimal  treatment  at  3(X)  <>€  for  2  hours;  the 
permanent  damage  usually  indicates  the  microcracking  mechanism^.  The  optical  microgrt^hs  of 
the  fatigued  specimens  dirough  transmitted  light  after  the  removal  of  the  gold  electrodes,  are 
shown  in  Hg.  5  for  the  composition  8/65/35.  The  sample  was  partially  electroded  and  the  center 
circle  was  the  switched  region  in  Fig.  5(a).  A  macrociack  was  found  which  started  from  the 
edge  of  the  electrode  and  extended  to  the  unekctroded  region  (bottom  left  cottm  of  Hg.  5(a). 
while  macrocracks  were  not  observed  inside  tlM  switched  region.  The  opaque  ring  in  Fig.  5(a) 
observed  after  fatigue  test  indicates  a  microsttucture  dunge,  with  the  center  area  still  remaining 
transparent  and  Farther  observaticm  under  higher  magnification  of  part  of  tte 

opaque  ring  is  shown  in  Hg.  5(b),  (c)  and  (d)  when  the  picture  was  focused  near  the  bottom 
face  of  the  san  >le  (b),  in  the  middle  level  (half  above  the  bottom)  (c),  and  near  the  top  surface 
(d).  Three  features  were  noticed  under  the  optical  microscope:  (1)  the  microcraking  was 
completely  inside  the  switched  region;  (2)  the  mode  of  die  microcrackihg  was  intergranular. 
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(3)  the  micTOcracks  started  from  the  electrode  edges  near  the  surface  and  propagated  towards  the 
other  face,  with  the  propagation  paths  of  the  cracks  being  a  combination  of  the  horizontal  and 
vertical  directions.  A  unique  character  of  the  microcracking  is  noticed  in  this  sample,  i.e..  in  the 
microcracked  region,  all  the  grains  break  up  to  give  a  sand-like  appearance.  Since  very  few 
ceramics  are  transparent,  this  type  of  cracking  has  rarely  been  observed  in  such  a  direct  striking 
way. 

Microcracking  was  mote  severe  for  8.4/6S/3S,  and  started  both  from  edges  and  from 
surface  as  observed  by  SEM  (Fig.  6).  In  Fig.  6(a)  macrocracks  can  be  seen  on  the  fractured 
cross  section  of  the  fatigued  sample  near  the  surface;  after  wiping  off  part  of  the  gold  electrode 
on  the  surface,  it  is  found  that  some  of  the  grains  were  partially  pulled  out  as  shown  in  Fig. 
6(b).  The  fatigued  sample  became  partially  opaque;  the  opaque  regions  were  parallel  to  the 
surfaces  and  close  to  the  high  voltage  terminal  face.  After  removal  of  the  discolored  region  (half 
of  the  thickness)  by  grinding,  the  sample  recovered  nearly  to  its  original  state,  and  Table  n  lists 
the  changes  of  its  Pr  and  Ec. 

B.  Fatigue  in  PLZT  x/70/30  compositions 

PLZT  7.6/70/30  and  7  0/70/30  are  close  to  the  phase  boundary  between  ferroelectric 
rhombohedral  phase  and  antiferroelectric  phase  (Hg.  1);  their  Tgn  and  the  a.c.  frequencies  for 
fatigue  tests  are  listed  in  Table  1.  The  results  of  their  fatigue  tests  together  with  that  of 
composititm  7/68/32  (Fig.  7(a))  show  that  fatigue  occurred  in  both  compositions  and  more 
severely  in  composititHi  7.6/70/30.  Fig.  7(b)  shows  the  hysteresis  loops  for  each  composition 
measured  at  the  beginning  and  the  end  of  the  fatigue  tests,  where  composition  7.9/70/30 
showed  double  hysteresis  loops. 

It  is  noticed  that  the  three  compositions  (8/6S/3S,  8.4/65/35,  and  7.6/70/30)  which 
fatigued  most  severely  have  similar  hysteresis  loops  as  can  be  seen  in  Fig.  4  and  Fig.  7(b).  The 
same  cracking  pattern  as  occurred  in  8.4/65/35  and  8/65/35  sanqrles  was  also  observed  by 
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optical  microscope  in  fatigued  7.6/70/30  samples  (not  shown  here). 

Althou^  the  grain  sizes  of  those  compositions  ranged  from  5pm  to  7  pm.  the  rates  of 
the  fatigue  for  the  severely  fatigued  compositions  (8.4/65/35,7  pm;  8/65/35 Jpm;  7.6/70/30.7 
pm)  were  obviously  higher  than  that  of  7/68/32  composition  with  10  pm  grain  size^.  Therefore 
there  is  no  doubt  about  the  compositional  effect  on  the  fatigue  behavior,  and  the  mechanism  of 
the  composition  effect  will  be  discussed  later. 

C.  Fatigue  in  antiferroelectric  ceramics 

Lanthanum  doped  lead  zirconate  titanate  stannate  antiferroelectric  ceramic  system  was 
studied  extensively  by  Berlincourt  et  al^^,  among  others.  The  composition  used  in  our  study  is 
Pb.97La.02(Zr.53Ti.i2Sn.35)O3  which  is  in  the  antiferroelectric  tetn^onal  phase  close  to  the 
phase  boundary  of  antiferroelectric  tetragonal  aiul  ferroelectric  rhombohedtal  phases,  and  its 
coercive  field  is  25  kv/cm  at  low  frequency.  The  samples  were  fabricated  by  conventional 
sintering  method.  The  average  grain  size  is  6  pm  and  the  sizes  of  pores  range  from  1  pm  to  30 
pm. 

The  fatigue  study  carried  out  at  6(X)  Hz  up  to  10^  switching  cycles  shows  that  the 
polaiizatioa  decreased  slowly  widt  the  switching  cycles,  and  the  coercive  field  was  stable  until 
10^  switching  cycles,  then  increased  slowly  with  continuous  switching  (Fig.  8(a)).  The  double 
h^teresis  loops  recorded  at  10*  and  10^  switching  cycles  (Fig.  8(b))  show  no  significant 
changes  in  the  shapes  of  the  loops. 

D.  Fatigue  in  TGS  single  crystal 

Tri-glycine  sulfate  (TGS)  single  crystal,  (NH2CH2C(X)H)3-  H2SQ4,  has  monoclinic 
symmetry;  its  Curie  temperature  is  49  Ferroelectricity  is  found  alcmg  the  direction  of  the  two 
fold  polar  axis,  monoclinic  b  axis  (Jona  and  Shiianel^).  TGS  is  water  soluble  and 
undeteiiorated  surfaces  are  difficult  to  obtain  during  sample  preparation.  Thus  die  samples  used 


in  the  present  experiments  were  prepared  by  cleavage  of  the  crystal  planes  which  are 
perpendicular  to  die  b  axis,  resulting  in  very  clean  and  undamaged  surfaces.  The  thicknesses  of 
the  samples  ranged  from  1  to  2  millimeter. 

The  fatigue  experiment  was  carried  out  at  a  ftequency  of  900  Hz,  using  silver  paint  as 
electrode.  The  results  show  that  fatigue  did  not  occur  even  after  10^  switching  cycles  (Fig. 

9(a)).  The  hysteresis  loops  at  10^  and  10^  are  shown  in  Fig.  9(b),  the  coercive  field  at  900  Hz 
is  0.35  kv/cm.  Stability  of  the  fetroelectricity  under  AC  field  switching  in  TGS  single  crystal 
could  be  due  to  the  fact  that  only  ISO^  domain  contiguratitm  exists  in  the  crystal;  this  will  be 
further  discussed  in  the  following  section. 

2.  Temperature  Dependence 
A.  Fatigue  behavior  of  PLZT  ceramics 

Compositions  of  PLZT  7/65/35  (Tinsl40  <0  made  by  conventional  sintering  and  hot 
pressed  9.5/65/35  were  studied  for  temperature  effects.  Fig.  10(a)  shows  the  results  of  fatigue 
tests  for  sintered  PLZT  7/65/35  at  30  <*C.  87  ^’C,  118  <>C,  152  ^C,  and  167  oC  temperatures, 
the  maximum  field  and  the  frequency  for  all  differoit  temperatures  were  kept  constant  (1 1  kv/cm 
and  400  Hz).  The  corresponding  hysteresis  loops  recorded  before  and  after  fatigue  tests  are 
shown  in  Fig.  1 1(a)  for  each  temperature  except  at  167  at  whidi  the  loops  were  straight  lines 
and  did  not  change  with  switching  cycles.  In  Hg.  KKa),  the  fatigue  rates  decrease  as 
temperature  increases.  It  was  e;q)ected  that  when  temperature  is  higher  than  Tm,  the  fatigue 
should  stop  since  above  Tm  the  majority  of  the  structure  is  transformed  to  the  paraekctric  phase. 
However,  fatigue  still  occurred  at  152  (12  °C  higher  than  Tm)  with  a  much  slower  rate  and 

finally  at  167  ^C  (27  higher  than  Tm),  fatigue  was  no  longer  observed.  The  Pm  decreases 
with  the  increase  of  temperature  (Table  m).  In  Fig.  I  ’  the  remanant  polarization  decreases 
with  increasing  temperature  and  did  not  completely  c  ear  until  the  temperatore  was  higher 


than  Tq.  Constrictive  neck  (double)  hysteresis  loops  were  not  observed  as  temperature 
increases  which  often  occur  in  the  compositions  near  phase  boundaries.  The  mechanism  of 
fatigue  in  composition  of  sintered  7/62/35  is  mainly  due  to  domain  pinning  by  space  charges^. 
How  temperature  affects  the  space  charge  pinning  will  be  discussed  later. 

The  composition  9.5/65/35  was  chosen  to  study  the  low  temperature  behavior  because  it 
has  lower  Tm  (55  and  the  square  hysteresis  loops  occurred  only  at  very  low  temperatures. 
Fatigue  experiments  were  carried  out  at  three  temperatures.  -140  <>€.  25  Kl.  and  105  <>€  with 
the  frequencies  of  160  Hz,  50  Hz,  and  1(X)  Hz.  respectively;  the  results  are  shown  in  Fig.  10(b) 
and  1 1(b).  It  is  surprising  to  find  that  the  fatigue  at  -140  <>€  (with  large  polarization  and  square 
loop)  proceeded  much  more  slowly  than  that  at  25  <>€  with  slim  loop.  The  Pm  and  the  at  - 140 
<>€  were  37.5  and  27.7  pc/cm^  and  higher  than  the  Pm  (23  pc/cm^)  at  25  this  is  different 
from  the  situation  in  sintered  7/65/35  composition.  When  temperatures  were  high  enough  both 
the  samples  did  not  fatigue  any  more:  though  the  remanant  polarizations  approach  zero  and 
hysteresis  loops  become  slim,  frtigue  still  occurred  (as  long  as  temperature  is  below  Tm).  It  can 
be  coochided  from  these  results  that  when  fenoelectric  ceramics  are  in  paiaelecttic  phase  (at  a 
temperature  about  30  °C  higher  dian  the  Tm).  fatigue  does  not  occur  either  in  sintered  or  hot 
pressed  PLZT  ceramics. 

Fatigued  9  J/65/35  samples  did  not  recover  after  thermal  treatment.  Fatigue  that  occurred 
in  these  sanqiles  is  doe  to  mioocracking  since  its  grain  size  (7  pro)  is  larger  than  the  critical 
size^  and  the  observations  under  optical  microscope  with  transmitted  light  on  9.5/65/35  sample 
fatigued  at  25  revealed  not  only  microracking  but  also  nuicrocracking,  which  propagated 
severely  as  dwwn  in  Fig.  12(a).  In  the  9.5/65/35  sample  fatigued  at  -140  <>€  only  some 
sandlike  grains  were  observed  by  optical  microscope  with  transmitted  light  (Fig.  12b);  tire 
craddng  at  low  temperature  was  much  less  severe  than  that  of  the  sample  fatigued  at  25  oc. 

The  different  cracking  behaviors  will  be  discussed  later. 
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B.Fatigue  behavior  of  PMN  ceramics 

PMN  ceramic  specimens  with  avera^  grain  size  5  pm  were  made  by  conventional 
sintering  method  and  have  a  low  Tn,.  about  -15  ®C.  Fatigue  did  not  occur  at  25  oc  up  to  10^ 
switching  cycles,  and  at  -140  oC  the  Pn,  and  Pr.  which  had  initial  values  of  32.0  pm/cm^  and 
18.4  pc/cm^.  started  decreasing  after  10^  switching  cycles,  with  the  Ec  almost  unchanged.  Fig. 
13(a)  shows  the  changes  of  polarization  with  switching  cycles  at  25  and  -140  <>€.  Fatigue  in 
PMN  at  low  temperature  proceeded  much  more  slowly  than  that  in  sintered  PLZT  sample  whose 
hysteresis  loop  at  room  temperature  had  the  same  ^pe  as  that  of  PMN  at  -140  <>C.  After  10^ 
switching  cycles  at  -140  oC  the  polarization  only  dropped  by  10%  of  the  initial  value.  When  the 
sample  temperature  returned  to  room  temperature,  die  Pm  measured  again  was  the  same  as  that 
measured  before  the  fatigue  experiment;  thus  fiUigue  at  low  temperature  in  PMN  did  not  cause 
permanent  damage.  Fatigue  in  this  case  was  caused  by  domain  pinning,  and  not  by 
microcracking,  since  it  is  impossible  to  heal  microcracks  at  room  temperature.  In  addition,  these 
samples  were  sintered  by  conventional  method  and  had  low  density  (97%);  their  ^gue 
mechanism  should  be  the  same  as  in  sintered  PLZT  and  PZT  samples^. 

Fatigue  experiments  were  also  carried  out  on  hot  pressed  PMN  doped  with  1% 
lanthanum  at  room  temperature  and  >140  After  10^  switching  cycles  under  applied  AC  field, 
the  Pm  and  Pr  did  not  decrease  and  Ec  was  unchanged.  Fig.  13(b)  shows  the  Pr  as  a  function  of 
switching  cycles  at  both  25  and  -140  The  grain  size  of  hot  pressed  PMN  was  2  pm  and 
below  critical  grain  size;  like  die  hot  pressed  PLZT  7/68/32  and  7/65/35  ceramic  widi  small 
grain  size,  fatigue  did  not  occur  in  hot  pressed  PMN  ceramic  with  grain  size  less  than  5  pm.  It 
shows  once  again  that  hi^  density  is  a  necessary  requirement  to  avoid  the  onset  of  fatigue. 

IV.  DISCUSSION 
A.  Compositional  Effea 

The  results  given  in  previous  sections  have  clearly  revealed  that  fatigue  behavior  is 


sensitive  to  the  composition  and  temperature.  It  is  noticed  that  the  compositions  of  PLZT  with 
pure  rhombohedral  phase  did  not  fatigue,  while  the  compositions  located  near  phase  boundaries 
fatigued;  thus,  fatigue  behavior  could  be  actually  affected  by  crystal  structure  and/or  domain 
structure. 

Bodi  the  compositions  7/65/35  and  7/68/32  which  did  not  fatigue,  belong  to 
rhombohedral  phase  under  applied  field;  no  phase  changes  occurred  during  AC  switching 
processes  as  shown  in  Fig.  4  and  7(b)  exhibiting  normal  ferroelectric  loops  without  any 
distortion.  Switching  by  electric  field  takes  place  more  easily  in  ferroelectric  rhombohedral 
phase  (F^  than  in  feiroelectric  tetragonal  and  orthorhombic  phases  (FEj.  FEq).  since  the  Ec 
value  of  FEr  compositions  of  PLZT  is  about  half  the  Ec  of  FEt  compositions  of  PLZT  ^ .  This 
indicates  that  for  rhombohedral  structure  internal  stresses  are  smaUer  during  the  switching 
process  than  those  for  tetragonal  and  orthorhombic  phases.  This  can  be  further  proved  by 
BaTiOa  single  crystal  in  which  the  Ec  for  orthoihombic  jdiase  at  -^4.)  ^  is  1.45  kv/cm  while 
for  rhombohedral  phase  of  the  same  crystal  at  almost  same  temperature  -  90|[.)  *>C  die  Ec  is  0.9 
kv/cm  (Jona  and  Shirane  ^5).  Stadleri^  found  that  none  of  BaTi(^  crystals  tested  at  -195  ®C 
(rhombohedral  phase)  suffered  any  change  in  switching  diarge  after  4x10^  cycles  and  the 
charge  switched  at  room  temperature  (tetragtmal  phase)  dropped  to  less  dum  half  its  original 
value  after  4x10^  cycles.  The  dtombohedral  crystal  structure  is  derived  ffom  cubic  structure  by 
shear  deformation.  Since  die  shear  elastic  modulus  is  only  half  of  the  normal  elastic  modulus, 
the  energy  needed  for  shear  deformation  is  tess  than  for  normal  deformation,  and  the  internal 
stress  resulting  from  the  shear  defotmation  should  also  be  smaUm’  than  that  due  to  die  normal 
deformation.  The  internal  stresses  in  PLZT  ceramics  for  several  compositions  with  different 
crystal  structures  have  been  studied  quantitatively  by  Okazald^^  using  microiiideittation  method; 
be  found  diat  the  internal  stress  in  FEr  is  smaller  than  that  in  FEt.  sQtl  increases  wkh  increasing 
c/a  ratio  in  tetragonal  conqiositions.  From  the  above  discussion  it  is  clear  that  the  ease  of 
switching  by  electric  field  and  smaller  internal  stress  in  FEr  are  the  main  reasons  for  the 


absence  of  electric  fatigue  and  miaocracks  in  7/65/35  and  IKAfil  PLZT  compositiwis  in  our 
study. 

PLZT  %l65f35  and  8.4/65/35  and  7.6/70/30  which  are  the  three  compositions  exhibiting 
severe  fatigue  have  similar  constricted  neck  hysteresis  loops  as  can  be  seen  in  Fig.  4  and  7(b). 
All  the  three  compositions  ate  located  in  the  cubic  matrix  region  before  poling,  and  change  to 
orthorhombic  after  poling^,  indicating  field  induced  phase  transformation  at  room  temperature, 
while  the  7/65/35  and  7/68/32  compositions  sustain  their  rhombohedral  phase  structures  after 
poling.  The  occurrence  of  the  necks  in  the  hysteresis  loops  of  8/65/35, 8.4/65/35,  and 
7.6/70/30  compositions  also  indicates  the  transformation  of  macrodomain  states  with 
orthorhombic  symmetry  to  microdomain  states  in  cubic  matrix;  this  transformation  can  be 
further  proved  by  the  measurement  of  the  electric  field  dependence  of  transmittance  of  the  PLZT 
sample  at  different  temperatures  (Yin  et  al.  i'^).  Thtir  results  showed  that  when  the  hysteresis 
loops  have  square  shapes  witfiout  necks  at  low  temperature  (-10  oC),  the  maximum 
transmittance  is  very  low  (<6%)  in  switching  process:  once  the  necks  occurred  (at  7  <>€  and  1 3 
°C)  the  maximum  transmittance  can  reach  above  80%  twice  in  one  switdring  cycle,which 
indicates  drat  the  cubic  matrix  state  can  recur  in  the  switching  process.  Therefore  the  structure 
changes  firom  cubic  matrix  widr  microdotnains  to  orthorhombic  macrodonrain  state  twice  in  one 
cycle  in  the  sanqile  with  a  constricted  neck  hysteresis  loop.  The  changes  of  crystal  and  domain 
structure  could  result  in  large  internal  strain  fluctuations  and  internal  stresses  which  cause 
microcracking  and  failure.  This  may  explain  the  occurrence  of  severe  fatigue  in  these  drree 
samples. 

The  hysteresis  loops  for  ttie  composition  7.9/70/30  are  pseudo-antifenoelectric  type, 
widi  very  small  remanant  polarization  and  temanant  strain  (Hg.  7(b)).  The  field  forced  phase 
change  returns  to  the  original  state  before  the  fleid  drops  to  zero,  and  no  mactodomains  ate  left 
to  be  switched  to  microdotnains  by  the  reversal  fleid;  this  could  greatly  reduce  the  internal 
stresses,  and  result  in  less  fatigue  in  composition  7.9/70/30  than  in  the  other  three  compositions 


discussed  above. 


bi  true  antiferroelectric  materials  (AFE)  the  switching  of  the  polarization  has  a  different 
mechanism;  no  spontaneous  polarization  exists  in  AFE,  and  the  orientations  of  the  dipoles  are 
alternately  aligned  in  opposite  directions.  The  field  forced  ferroelectric  phase  is  stable  <mly 
under  high  field,  and  at  low  fields,  FE  returns  to  the  AFE  state.  Fatigue  in  the  antiferroelectric 
sample  (Fig.  8)  is  much  less  severe,  which  is  possibly  due  to  the  fact  that  in  the  switching 
process  of  the  AFE  to  FE,  the  polarization  direction  changes  only  by  180  with  consequent 
smaller  internal  stresses  than  in  switching  the  spontaneous  polarization  of  the  ferroelectrics  by 
900.  Tiie  slow  fatigue  observed  in  AFE  samples  may  be  partially  contributed  by  space  charge 
pinning^,  since  the  samples  were  made  by  conventional  sintering  method,  which  gives  rise  to 
voids  and  pores. 

It  is  not  surprising  that  fotigue  did  not  occur  in  TGS  single  crystals,  because  there  are 
only  1800  domains  in  this  crystal  In  switching  process,  only  some  atoms  or  atom  groups  of 
TGS  rotate  under  the  applied  field,  widi  no  change  in  the  crystal  structure;  therefore,  the  internal 
stresses  involved  in  switching  process  should  be  quite  small.  Further,  defects  in  high  quality 
TGS  organic  crystals  are  rare;  hence  domain  pinning  is  difficult  to  occur. 

2.  Temperature  Effect 

Since  the  main  mechanism  of  fatigue  in  rintered  PLZT  7/6S/3S  is  domain  and  defea 
pinning  by  space  dtarges,  the  explanation  of  the  temperature  dependence  of  fatigue  should 
consider  both  domain  states  and  space  charge  mobility  at  different  temperatures.  As  temperature 
increases,  the  maximum  polarization  decreases  (Table  DI)  and  the  remanant  polarization 
decreases  faster  (Hg.  1 1(a)),  since  less  domain  walls  are  available  for  pinning.  At  higher 
temperatures  near  Tm,  the  samples  are  highly  polarizable  under  the  applied  field,  and  the 
donudns  or  defects  which  have  been  piruied  by  space  charges  could  be  (tepirmed  by  AC  field; 
Stewait  and  Cosemino^^  found  that  fatigued  soft  PZT  sample  could  beiestored  to  nearly  its 


original  conditicm  by  heating  the  sample  to  ISO  <>€  and  then  applying  60  Hz  excitation.  The 
change  in  the  mobility  of  the  space  charge  vdth  temperature  may  have  much  less  effect  on 
fatigue  compared  with  the  changes  of  the  poiariz^on.  So  it  can  be  concluded  that  the  lower 
fatigue  rates  at  higher  temperatures  could  primarily  be  contributed  by  the  decrease  of  the 
polarization  in  PLZT  7/65/35  sintered  ceramics. 

The  disappearance  of  fatigue  at  167  <>€  (Fig.  10(a))  can  be  easily  explained;  the  sample 
was  almost  completely  m  paraelectric  phase  (27  oc  higher  than  Tm).  the  spontat^ous 
polarization  disappeared  and  domains  no  longer  existed.  A  slow  fatigue  observed  at  152  °C 
could  be  due  to  the  fact  that  telaxor  materials  have  diffuse  phase  transformations  because  of  the 
coexistence  of  ferroelectric  and  paraelectric  phases  arising  from  the  inhomogeneous 
compositional  fluctuations,  and  the  polar  regions  can  exist  at  temperatures  somewhat  above  Tm 
(Cross^):  in  addition,  the  applied  field  can  force  some  of  die  nonpolar  regions  into  the  polar 
region:  under  long  time  continuous  AC  switching  some  of  the  polar  regions  could  be  stabilized 
by  space  charge  or  injected  cairiers,  with  a  slow  decrease  of  the  switchable  polarization. 

The  decrease  of  the  polarization  can  not  explain  the  temperature  depoidence  of  fatigue  in 
hot  pressed  9.5/65/35  samples  (Hg.  KKb)),  which  diowed  greater  fatigue  at  25  <>€  than  at  •  140 
oc,  since  the  main  fatigue  mechanism  of  hot  pressed  high  density  (>99%)  PLZT  ceramics  is 
microcracking  and  differs  from  that  of  sintered  low  density  (92-97%)  PLZT  samples^.  The 
Idiase  relations  in  x/65/35  PLZT  at  different  temperatures  deduced  from  X-Ray,  dielectric  and 
piezoelecttic  measurements  by  O’Bryan^  show  that  the  PLZT  95l€5fi5  at  25  ^  has  a 
pseudoculric  stmctuie  and  is  placed  in  the  AFE  (pseudocubic  region),  based  on  the  existence  of 
a  double  hysteresis  loop.  However,  a  double  hysteresis  loop  can  also  be  due  to  the  field  induced 
ferroelectric  phase  at  temperatures  near  Tc  or  Tq  as  in  the  case  of  BaTi03  crystal,  or  the  field 
forced  transformation  of  microdomains  to  macrodomainsl^;  in  additicm,  the  superlattice  crystal 
structure  associated  with  AFE  {diase  in  PbZtOs  was  not  observed  in  this  phase  region^.  Fatigue 
due  to  microcracking  at  25  could  be  caused  by  the  ntmuniform  deformation  of  mismatched 


gnuns  and  concentration  of  stresses  near  the  electrode  edges.  Although  at  this  temperature  the 
remanant  polarization  is  small  and  the  piezoelet^c  contribution  can  be  neglected,  the 
electrostriction  is  quite  large  in  this  composition  (relaxor  ceramic)  at  room  temperature.  The 
electrostrictive  coefficients  Qn  and  Q12  measured  by  Meng  et  al.20  for  PLZT  9.5/6S/3S  are 
21.0xl0’3  m^/C2  and  -9.1x10-3  mVC^,  respectively.  The  initial  polarization  of  the  sample  used 
in  the  ^gue  experiment  at  25  <>€  was  23.0  pC/cm^  under  an  applied  field  of  22  kv/cm.  and  the 
longitudinal  strain  calculated  from  Qi  1  and  Pm  is  1 1x10-^  which  is  of  the  same  order  as  the 
piezoelectric  strains.  This  high  strain  and  the  large  grain  size  (7  pm)  resulted  in  microcracking. 

At  lOS  °C,  a  temperature  50  <<2  higher  than  Tm  of  9  J/65/35  composition,  the  sample  is 
in  paiaelectric  phase.  As  the  polarization  is  only  half  of  the  value  at  25  so  the  strain  is  only 
one  fourth  of  that  at  25  in  addition,  the  local  microstnictuie  stresses  which  exist  below  Tc 
due  to  the  phase  transformation  from  cubic  to  ferroelectric  phase  are  released.  Hence,  the 
microcracking  (fatigue)  did  not  occur  at  this  high  temperature. 

The  occurrence  of  fatigue  at  low  temperature  (-140  is  more  complicated  (Fig.  KXb)): 
both  the  Pm  and  Pr  are  quite  high  and  the  field  induced  strain  could  be  larger  than  that  at  room 
tenqrerature.  The  different  structures  at  25  <0  and  >140  <>€  may  explain  this  fatigue  behavior.  At 
-140  <>C.  die  sample  should  be  in  the  ferroelectric  rhombohedial  phase  which  has  smaller 
internal  stresses  dian  odier  ferroelectric  phases.  The  square  hysteresis  loops  without  necks  (Fig. 
1 1(b))  indicate  that  the  crystal  structure  was  stable  at  low  temperature  under  an  applied  field. 
Therefore  the  field  qiplied  to  die  sample  at  low  temperature  mainly  caused  the  switching  of  the 
spontaneous  polarization  and  did  not  cause  a  change  of  the  crystal  structure,  while  it  is  known^ 
that  at  room  temperature  the  applied  field  could  induce  the  transformation  of  nonpolar  regions  to 
polar  states  and  produce  unstable  lattice  distortions,  resulting  in  microstructure  dresses  which 
enhance  microorauddng  and  increase  the  rate  of  fauigue.  The  slow  fatigue  at  low  temperature  may 
also  be  rdated  to  the  change  in  die  mechanicai  strength  of  the  sample:  since  the  lattices  contract 
with  the  decrease  of  tmnperatute,  producing  compressive  internal  stresses  in  the  sample,  the 


fracture  strength  could  be  higher  at  low  temperatures.  The  occurrence  of  slow  fatigue  could  be 
attributed  to  the  large  grain  size  which  results  in  microcracking. 

Fatigue  behavior  in  PMN  ceramic  system  is  similar  to  that  in  PLZT  ceramics.  The 
conventionally  sintered  samples  with  a  grain  size  of  5  pm  showed  fatigue  at  low  temperature 
(-140  <>C)  with  a  rather  slow  rate.  The  cause  of  the  fatigue  is  believed  to  be  domain  and  defect 
pinning  since  after  the  sample  was  reheated  to  room  temperature  (40  oc  hi^er  than  Tm).  the 
initial  state  was  recovered  without  permanent  damage.  The  slower  fatigue  rate  in  PMN  sample 
than  in  sintered  PLZT  7/65/35  could  arise  from  three  reasons;  (1)  the  density  of  die  sintf  red 
PMN  ceramic  is  higi  i^r  than  that  of  sintered  PLCT  7/65/35  ceramic;  less  pores  and  defects  are 
available  to  provide  space  charges^,  (2)  PMN  is  a  stoichiometric  compound,  and  has  fewer 
intrinsic  defects  (which  can  be  pinned  by  space  charge  or  injected  carriers)  and  cleaner  grain 
boundaries,  (3)  the  mobility  of  die  space  charge  may  be  less  at  low  temperature. 

H(M  pressed  PMN  (1%  La)  did  not  fatigue  at  low  tempenmire,  which  is  attributed  to  its 
high  density  and  small  grain  size.  At  room  temperature,  fatigue  did  not  occur  in  both  the  PMN 
samples  because  bodi  were  in  paraelectric  phase. 

V.  CONCLUSIONS 

Evidence  has  been  presented  to  establi^  the  relationship  between  fatigue  bdiavior  and 
composition  in  the  PLZT  system.  In  the  x/65/35  compositions,  fatigue  increased  from  nil  at  x=7 
throu^  xs:9  8  to  most  severe  for  xs8.4.  The  two  compositions  (xs8.4  and  8)  with  severe 
fatigue  rates  had  exhibited  constricted  hysteresis  loops  before  the  fatigue  experiment  The 
fatigue  rate  of  7.6/70/30  PLZT  composition  was  greater  than  that  of  7.9/70/30.  On  the  other 
hand,  andferroelectric  (modified  PLZT)  composition  as  well  as  single  crystal  triglycine  sulfate 
(TGS)  did  not  show  any  significant  fatigue  effect  which  is  attributed  to  the  fact  that  polarization 
changes  under  s^lied  a.c.  field  involve  only  180°  domain  swindling  in  these  cases. 
Temperature  was  also  found  to  influence  the  fatigue  rates  of  these  materials.  At  temperatures 


higher  than  Tc  or  Tm  (by  30  to  50  °C),  no  fatigue  effects  were  observed  and  this  was  attributed 
to  the  absence  of  domains  and  spontaneous  polarization  in  the  paraelectric  state.  At  other 
temperatures,  fatigue  rate  depends  upon  the  ease  of  domain  switches,  and  associated  strains. 

Both  the  compositional  and  temperature  dependence  of  fatigue  behavior  translate  into  the 
influence  of  the  crystal  symmetry  and  feiroic  state  of  the  material  under  the  action  of  applied  a.c. 
field  for  long  periods.  Among  the  ferroelectric  phases,  the  ihombohedral  symmetry,  with  its 
small  internal  stress  associated  with  the  shear  distortion  of  the  cubic  lattice,  has  the  least  fatigue 
rate  compared  to  that  of  the  ferroelectrics  with  tetragonal  and  orthorhombic  symmetries. 
Antiferroelectric  materials  and  ferroelectric  TGS  crystal  exhibit  little  or  no  fatigue  effea,  since 
polarization  changes  only  by  180°  in  these  materials  with  no  accompanying  strain.  On  the  other 
hand,  the  samples  close  to  the  phase  boundaries  (due  to  composition,  temperature  or  electric 
field)  undergo  most  severe  fatigue  behavior  and  this  is  attributed  to  easy  polarization  changes 
and  consequent  large  lattice  distortions.  Electric  fatigue  can  be  due  to  either  domain  pinning  by 
space  charges  or  injected  charge  carriets  or  mnsrgranular  microcrac*:  mg  resulting  from 
incompatible  stresses  between  grains.  The  former  is  recoverable  by  thermal  and  electrical 
treatment,  while  the  latter  (micTocracking)  is  a  permanent  damage. 

The  conclusions  drawn  from  the  present  study  provide  guidelines  for  enhancing  the  long 
term  reliability  of  devices  based  on  fertoic  ceramics. 

ACKNOWLEDGMENTS 

The  authors  are  grateful  to  the  Office  of  Naval  Research  for  financial  support 


REFERENCES 


1.  G.  H.  Ferroelectrics.,  75,  25  (1987). 

2.  E.  T.  Keve  and  K.  L.  Bye,  J.  Appl.  Phys.,  46,  810  (1975). 

3.  L.  E.  Cross,  Ferroelectrics,  76,  241  (1987). 

4.  E.  T.  Keve,  ibid.  10.  169  (1976). 

5.  H.  M.  O'Bryan,  Jr.,/.  Amer.  Ceram.  Soc.  56,  385  (1973). 

6.  Q.  Y.  Jiang,  Ph.D.  thesis,  Pennsylvania  State  University,  (1992). 

7.  Q.  Y.  Jiang,  W.  Cao  and  L.  E.  Cross.  /.  Amer.  Ceram.  Soc.,  (in  press). 

8.  Q.  Y.  Jiang  and  L.  E.  Cross,/.  Mater.  Sci.  28,  (in  press). 

9.  Q.  Y.  Jiang,  E.  C.  Subbarao  and  L.  E.  Cross  (submitted). 

10.  G.  W.  Taylor,  /.  Appl.  Phys.,  38,  4697  (1967). 

11.  S.  W.  Freiman,  L.  Chuck,  J.  J.  Mecholsky,  J.  J.,  D.  L.  Shellman,  and  L.  J.  Storz,  in 
Fracture  Mechamcs  of  Ceramics,  edited  by  R.  C.  Bradt,  D.  P.  H.  Hasselman,  and  F.  Lange 
(Plenum  Press  New  York-London,  1986)  p.  175. 

12.  H.  L.  Stadler,  J.  Appl.  Phys.,  29,  743  (1958). 

13.  W.  A.  Schulze,  J.  V.  Biggers.  and  L.  E.  Cross,  J.  Amer.  Ceram.  Soc.,  61,  46  (1978). 

14.  D.  Berlincourt,  H.  H.  A.  Krueger,  and  B.  Jaffe,  J.  Phys.  Chem.  Solids,  25,  659  (1964). 

15.  F.  Jona,  and  G.  Shirane,  Ferroelectric  Crystals,  (Macmillan  Company  New  York,  1%2), 
p.  28  and  p.  1 19. 

16.  K.  Okazaki,  J.  Amer.  Ceram.  Soc.,  63,  11^  (1983). 

17.  Z.  W.  Yin,  X.  M.  He,  C.  Li,  Z.  Wei,  H.  Ni.  J.  Chinese  Silicate  Soc.,  1 1,  410  (1983). 

18.  W.  C.  Stewart,  and  L.  S.  Cosentino,  Ferroelectrics,  1, 149  (1970). 

19.  X.  Yao,  Z.  Chen,  and  L.  E.  Cross,/.  Appl.  Phys.  54,  3399  (1983). 

20.  Z.  Y.  Meng,  U.  Kumar,  and  L.  E.  Cross,/.  Amer.  Ceram.  Soc.,  68.  459  (1985). 


TABLE  I.  The  grain  size,  temperature  of  maximum  dielectric  cwisiant  and  a.c. 
frequency  for  fatigue  study  of  PLZT  ceramic  with  different  compositions. 


Composition 

Grain  Size  pm 

Tm(°C) 

f(Hz) 

7/65/35 

1*.5 

140 

100 

8/65/35 

5 

100 

100 

8.4/65/35 

7 

92 

40 

9.5/65/35 

7 

55 

160 

7/68/32 

5 

■  130 

200 

7.6/70/30 

7 

90 

60 

7.9/70/30 

7 

82 

100 

*  Sintered:  rest  are  hot  pressed. 
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TABLE  n.  The  changes  of  the  polarization  and  coercive  field  of  the  PLZT  S.4/65/35 
sample  due  to  fatigue  and  its  recovery. 


Pf  (pc/cm2) 

Ec  (kv/cm) 

After  10  switching  cycles 

27.9 

3.1 

After  10^  switching  cycles 

10.7 

4.7 

After  removal  of  discolored  region 

24.7 

3.4 

TABLE  m.  The  maximum  polarization  of  sintered  PLZT  7/65/35 
ceramic  at  different  temperatures 


T  (OC) 

37 

87 

118 

152 

167 

Pm  (pc/cm^) 

28.0 

26.0 

21.5 

15.0 

12.6 

Figure  caption: 
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Fig.  1.  Room  temperature  phase  diagram  of  FLZT  ceramics  with  selected  compositions 
(Ref.  1). 

Fig.  2.  Critical  fracture  toughness  Kic  as  a  function  of  composition  in  PZT  ceramic  system. 
Vertical  line  indicates  the  position  of  the  phase  boundaries  at  25  ^C.  (Ref.  11) 

Fig.  3.  The  normalized  remanant  polarizations  and  coercive  fields  as  a  function  of  the  switching 
cycles  for  hot  pressed  PLZT  ceramics  with  compositions  x/65/35. 

Fig.  4.  Hysteresis  loop  curves  recorded  during  fatigue  tests  for  Hot  pressed  PL2!T  ceramics 
with  compositions  x/65/35. 

Fig.  5.  Microstructure  of  the  fatigued  PLZT  8/65/35  sample  observed  by  optical  microscope 
with  transmitted  light  (a)  shows  the  total  fatigued  area  (within  circle);  (b),  (c)  and  (d)  show 
further  observation  under  higher  magnification  for  part  of  the  opaque  ring  in  (a),  when  the 
picture  was  focused  near  the  bottom  face  of  the  sample  (b),  in  the  middle  level  (half  above  the 
bottom)  (c),  and  near  the  top  surfoce  (d). 

Fig.  6.  Fractured  ooss  section  of  a  fatigued  PLZT  8.4/65/35  sample  observed  by  SEM.  (a) 
Fractured  cross  section  and  (b)  microstiucture  changes  of  tire  surface  beneath  the  electrode. 

Fig.  7.  (a)  The  normalized  remanant  polarization  as  a  function  of  the  switdiing  cycles,  (b) 
hysteresis  loop  curves  recorded  during  fatigue  tests  for  hot  pressed  PLZT  ceramic  of  three 
compositions. 

Hg.  8.  (a)  The  noinalized  polarization  and  coercive  field  as  a  function  of  switching  cycles,  (b) 
hysteresis  loop  curves  recorded  during  fatigue  experiment  for  antiferroelectric 
Pb.97La.02(Zr.53Ti,i2Sn.33)O3  ceramic. 

Rg.  9.  (a)  The  normalized  remanant  polarization  and  coercive  tield  as  function  of  the  switching 
cycles  for  TGS  single  crystal  (b)  its  hysteresis  loop  curves  recorded  during  fatigue  test 
(P,x  25  pc/cni2,  Ec*  0.35  kv/cm). 
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Fig.  10.  The  normalized  polarization  as  a  function  of  the  switching  cycles  for  (a)  sintered  PLZT 
7/65/35  ceramic  and  (b)  hot  pressed  PLZT  9.5/65/35.  at  different  temperatures. 

Fig.  11.  Hysteresis  loop  curves  recorded  during  fatigue  tests  (a)  at  four  temperatures  for 
sintered  PLZT  7/65/35  ceramic  and  (b)  at  three  temperatures  for  hot  pressed  9.5/65/35  PLZT 
ceramic. 

Fig.  12.  Cracks  observed  in  fatigued  hot  pressed  9.5/65/35  ceramics  by  optical  microscope  with 
transmitted  light,  (a)  Fatigued  at  room  temperature  and  (b)  fatigued  at  - 140  <>€. 

Fig.  13.  Polarization  as  a  function  of  the  switching  cycles  for  (a)  sintered  PMN  and  (b)  hot 
pressed  1%  La  doped  PMN. 
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Effects  of  porosity  on  electric  fatigue  behaviour 
in  PLZT  and  PZT  ferroelectric  ceramics 
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Electric  fatigue,  namely  the  decay  of  the  polarization  and  the  consequent  elastic  strain  with 
increased  number  of  switching  cycles  under  high  a.c.  field,  severely  limits  the  applications  of 
ferroelectric  and  piezoelectric  materials  in  high-strain  electro-mechanical  actuators  and  in  thin 
films  used  in  non-volatile  memory  devices.  Electric  fatigue  tests  have  been  conducted  on  lead 
zirconate  titanate  (PZT)  and  lanthanum-doped  lead  zirconate  titanate  (PLZT)  ferroelectric  cer¬ 
amics.  It  was  found  that  electric  fatigue  can  be  initiated  by  various  factors,  the  porosity  being 
one  of  them.  Electric  fatigue  occurred  in  low-density(93%-97%)  PLZT  7/65/35  ceramics  after 
lO"*  switching  cycles,  while  the  high-density  (>99%) PLZT  specimens  of  the  same  composi¬ 
tion  did  not  fatigue  after  1 0®  switching  cycles.  It  was  also  observed  that  for  PZT  ceramics, 
fatigue  proceeded  much  more  slowly  in  the  samples  with  higher  density  (<^98%)  than  those 
with  lower  densities  (92%-96%).  A  tentative  explanation  for  the  origin  of  the  fatigue  mech¬ 
anism  associated  with  porosity  is  proposed. 


1.  Introduction 

It  is  well  known  that  under  many  circumstances  when 
a  ferroelectric  crystal  or  ceramic  is  switched  under 
high  a.c.  field,  the  switched  charge  (polarization)  and 
the  consequent  elastic  strain  decay  with  increased 
number  of  cycles  which  is  the  so-called  elec¬ 

troactive  or  electric  fatigue.  I'his  effect  severely  limits 
the  applications  of  ferroelectric  and  piezoelectric  ma¬ 
terials  in  high-strain  electro-mechanical  actuators  and 
in  thin  films  used  in  non-volatile  memory  devices. 

Our  systematic  study  [S]  has  revealed  that  electric 
fatigue  in  ferroelectric  ceramics  is  much  more  complic¬ 
ated  than  was  originally  expected.  Fatigue  could  be 
initiated  by  various  factors;  surface  conditions,  cer¬ 
amic  microstructure,  electroding  methods,  composi¬ 
tions,  and  temperature,  can  all  make  contributions  to 
fatigue  behaviour.  In  a  previous  paper  [6],  we  re¬ 
ported  that  fatigue  which  occurred  after  only 
thousands  of  switching  cycles  in  hot-pressed  fine-grain 
lanthanum-doped  lead  zirconate  titanate  PLZT 
7/68/32  was  initiated  by  surface  contamination.  Fa¬ 
tigue  of  this  type  could  be  avoided  by  an  improved 
cleaning  procedure  before  electroding  [6].  The  present 
investigation  is  concerned  with  the  effects  of  ceramic 
microslructure,  i.e.  densities  and  pores,  on  fatigue 
behaviour.  The  grain  size,  composition,  temperature, 
and  electrode  effects  will  be  discussed  in  following 
papers. 

Study  of  the  influence  of  porosity  on  dielectric 
failure  strength  (breakdown)  in  PLZT  ceramic  system 
by  Furman  [7]  indicated  that  hot-pressed  high-den¬ 
sity  (>99%)  PLZT  ceramics  have  a  dielectric  strength 
almost  twice  the  value  in  conventionally  sintered  sam¬ 
ples  of  the  same  composition  (density  92%-96%).  The 
existence  of  pores  in  sintered  samples  caused  the 


reduction  of  the  dielectric  strength  because  of  the 
enhanced  field  concentration  and  discharge  in  the 
voids.  Another  electric  failure  mode  in  ferroelectric 
ceramics  is  d.c.  degradation  [8, 9],  which  is  also  affec¬ 
ted  by  porosity  defects.  Herbert  [lO]  reported  that  the 
rate  of  d.c.  degradation  was  greatly  increased  by  voids 
and  flaws  in  ferroelectric  ceramics.  It  is  rational  to 
expect  that  the  porosity  or  voids  could  also  influence 
dynamic  fatigue  under  high  a.c.  field  because  the  field 
concentrations  and  space-charge  accumulation  in  the 
pores  also  exist  when  ceramic  samples  are  experien¬ 
cing  a.c.  fields.  However,  no  published  work  has  been 
found  on  this  subject.  Because  pores  or  voids  are 
common  in  ceramic  materials,  it  is  necessary  to  know 
how  these  defects  are  related  to  fatigue  behaviour.  The 
study  of  the  density  (pore)  effects  was  carried  out  on 
conventionally  prepared  PLZT,  lead  zirconate  titan¬ 
ate  (PZT),  and  hot-pressed  PLZT  ceramics;  the  results 
showed  that  the  porosity  could  initiate  and  accelerate 
the  fatigue  process.  The  mechanism  of  fatigue  of  this 
type  is  discussed. 

2.  Experimental  procedure 

Lanthanum-doped  lead  zirconate  titanate  7/6S/3S 
(mole  ratio  of  La/Zr/Ti)  ceramic  specimens  were  fabri¬ 
cated  by  both  conventional-sintering  and  hot-pressing 
techniques.  In  the  conventional-sintering  procedure, 
the  starting  oxides  powders  of  reagent  grade  were 
PbO,  LazOj,  ZrOj,  and  TiOj.  The  mixed  oxides  were 
milled  in  a  rotary  mill  for  24  h.  After  milling,  the  slurry 
was  dried  in  an  oven.  The  dried  powder  was  calcined 
at  780  °C  for  6  h,  and  then  ground  and  recalcined  at 
780  "C.  Then  the  powders  which  were  mixed  with 
polyvinyl  alcohol  (PVA)  binder  and  dried  were  pre- 
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ssed  into  pellets  using  u  0.9  cm  diameter  die.  and 
pressure  up  to  400(K)  p.s.i.  ( lO' p.s.i.  =  6.89  N  mm 
The  thicknesses  of  the  pellets  ranged  from  1-2  mm. 
After  the  binder  was  burned  out,  the  pellets  and  a 
mi.Kturc  of  PbO  and  ZrOj,  which  was  used  to  control 
the  lead  atmosphere,  were  placed  on  platinum  sheets 
in  alumina  crucibles  which  were  then  scaled  with 
cement  and  sintered  in  an  automatic  temperature- 
controlled  furnace  with  a  heating  rate  of  200X  h"'. 
The  sintering  temperature  was  chosen  as  1280,  1 300  or 
1320  C  It  was  found  that  all  three  temperatures  fall 
into  the  sintering-temperature  range.  However,  the 
samples  sintered  at  1300  C  showed  better  dielectric 
properties.  The  average  grain  size  was  2  pm.  The  hot- 
pressed  PLZT  samples  with  average  grain  size  5  mm 
were  obtained  from  Honeywell  Inc.  Soft  PZT  samples 
were  commercial  PZT  5  made  by  both  conventional- 
sintering  and  tape-casting  techniques.  Hard  PZT  .sam¬ 
ples  were  commercial  PZT  8. 

All  samples  had  ground  surfaces  and  their  thicknes¬ 
ses  ranged  150  300  pm.  The  improved  cleaning  pro¬ 
cedure  [5,  6]  was  applied  to  clean  all  specimens  before 
cicctroding  to  avoid  fatigue  induced  by  surface  con¬ 
tamination.  Sputtered  gold  was  used  for  the  electrode. 

The  properties  studied  here  were  the  remnant  polar¬ 
ization,  P„  the  maximum  polarization,  P„,  and  the 
coercive  field,  E^.  Sinewave  a.c.  field  was  applied  to 
switch  the  polari7.ation.  The  hysteresis  loops  were 
measured  through  a  conventional  Sawyer-Tower  cir¬ 
cuit  and  recorded  at  intervals  on  a  Nicolet  214  digital 
oscilloscope.  The  polarization  and  coercive  held  were 
calculated  from  the  measured  hysteresis  loops. 

3.  Results 

3.1 .  Fatigue  in  conventionally  sintered 
7/65/35  PLZT  ceramics 
The  sintered  PLZT  7/65/35  specimens  have  an  aver¬ 
age  grain  size  of  2  pm,  and  their  density  is  in  the  range 
of  93%-96%  theoretical.  The  microstructure  is  shown 
in  Fig.  la,  observed  on  the  fractured  surface  by  SEM. 
A  large  number  of  pores  was  found,  and  the  sizes  of 
the  pores  ranged  from  less  than  I  pm  to  several  tens  of 
micrometres. 


I'utiguc  exi^rimenls  were  earned  out  on  several 
siiUcred  samples  which  were  cut  from  selected  batches 
to  obtain  dilTcrcnl  densities.  The  normalized  polariza¬ 
tion  and  normalized  coercive  field  which  represent  the 
percentages  of  the  polarization  and  coercive  field  with 
res|^cl  to  their  initial  values  obtained  at  10^  or  10^ 
switching  cycles,  are  used  in  this  paper  in  order  to 
compare  the  results  from  dilTerent  specimens  and 
emphasize  the  changes  of  the  measured  properties. 
Fig.  2a  and  b  show  typical  hysteresis  loops  measured 
before  and  after  fatigue  tests  in  a  specimen  with  a 
density  of  93%.  The  normalized  remnant  polarization 
and  coercive  field  as  functions  of  the  switching  cycles, 
for  three  samples  at  a  frequency  of  300  Hz  arc  shown 
in  Fig.  3.  The  remnant  polarizations  decrease  with 
increasing  switching  cycles  for  all  samples,  while  the 
rales  of  fatigue  are  different.  After  10*  switching  cycles, 
only  30%  of  the  polarization  of  the  original  value  in 
Sample  3  (density  93%)  was  left,  but  for  Sample  I 
(density  96%)  60%  of  the  polarization  was  still  switch- 
able,  and  for  Sample  2  (density  near  95%)  the  fatigue 
rale  lay  between  the  other  two  samples.  The  maximum 
polarizations  which  are  not  shown  here  fatigued  in  a 
similar  manner  to  the  P,.  For  a  quantitative  com¬ 
parison,  we  define  a  parameter  C(P„)  which  is  the 
number  of  the  switching  cycles  when  the  normalized 
polarization  equals  P„  (0  ^  P„  ^  I )  to  characterize  the 
fatigue  rale.  For  instance,  in  Fig.  3a  the  number  of  the 
switching  cycles  for  P„  =  70%(0.7)  is  4x10’’  for 
Sample  1,  it  is  designated  C(0.7)  =  4x10’.  The  C(PJ 
data  of  the  samples  with  three  P„  values  and  the 
sample  densities  are  listed  in  Table  I.  The  rales  of 
fatigue  for  the  samples  of  the  same  composition  but 
different  densities  can  differ  by  two  orders  of  magni¬ 
tude.  Unlike  the  polarization,  the  coercive  fields  do 
not  change  significantly  (Fig.  3b).  £«  either  increases  to 
some  extent,  or  decreases  slightly,  or  remains  con¬ 
stant,  depending  on  the  individual  sample.  The  fatigue 
rale  docs  not  significantly  depend  on  the  frequency  in 
the  range  l-6(X)  Hz  in  our  study. 

Thermal  treatments  were  applied  to  the  fatigued 
samples  at  300  "C  for  2  h.  Sample  3,  which  fatigued 
most  severely,  only  had  a  slight  change,  as  seen  in 
Fig.  2c,  but  for  the  fatigued  Sample  2,  the  polarization 


Figure  I  Mkroslructures  of  (a)  conventionally  sinlered  and  (b)  hoi-pressed  PLZT  7/6S/3S  ceramics  observed  by  SEM  on  the  fractured 
surfaces. 
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Figure  2  llysleresis  loop  curves  for  a  sintered  PLZT  Il65li5 
sample,  recorded  at  (a)  10' cycles;  (b)  10' cycles;  and  (c)  healed  at 
.1(X)  C  Tor  2  h  after  the  fatigue  test. 


and  coercive  field  almost  recovered  to  their  original 
values  after  thermal  treatment  (Fig.  4).  The  changes  of 
P,  and  Ec  for  Sample  2  after  fatigue  test  and  heating  at 
dilTcrent  frequencies  are  listed  in  Table  II.  The  origin 
of  the  fatigue,  the  cause  of  the  difference  of  fatigue 
rates,  and  the  thermal  treatment  effects  will  be  dis¬ 
cussed  in  Section  4. 


Figures  (a)  Normalized  remnant  polarizations  and  (b)  normalized 
coercive  field  as  functions  of  the  switching  cycles  for  the  three 
sintered  PLZT  7/6S/3S  samples.  (EJ)  Sample  I,  (•)  Sample  2. 
(■)  Sample  3. 


3.2.  Fatigue  in  hot-pressed  7/65/35  PLZT 
ceramics 

Hot-pressed  7/65/35  PLZT  ceramics  with  average 
grain  size  5  pm  had  high  density  (  >  99%)  and  no 
pores  were  found  by  SEM.  The  microstructure  is 
shown  in  Fig.  lb.  Fatigue  tests  were  conducted  on 
several  specimens;  the  results  showed  a  good  con¬ 
sistency  for  ail  samples.  The  hot-pressed  7/65/35  sam¬ 
ples  showed  good  resistance  to  fatigue,  as  can  be  seen 
from  Fig.  5  which  shows  the  normalized  remnant 
polarization  and  coercive  field  as  functions  of  the 
switching  cycles  and  the  hysteresis  loops  recorded 
before  and  after  the  fatigue  test.  After  the  samples  were 
switched  up  to  10’  cycles  under  a.c.  field  at  a  frequency 
of  300  Hz,  the  polarizations  and  coercive  fields  did  not 
change  significantly.  Similar  results  were  also  ob¬ 
tained  for  hot-pressed  7/68/32  PLZT  samples,  as  dis¬ 
cussed  in  our  previous  paper  [6].  Comparing  these 


TABLE  I  Fatigue  rates  C(P,)  (cycles)  for  PLZT  and  PZT  ceramics 


C(0.8) 

C(0.7) 

C(0.6) 

Density! '/•) 

Sample  1  (7/65/35) 

3x  I0» 

4x10’ 

3x  10* 

% 

Sample  2  (7/65/35) 

1.5  X  10* 

7x  10* 

- 

95 

Sample  3  (7/65/35) 

3x  10’ 

8x10’ 

1.4  X  10* 

93 

Commercial  soft  PZT 

lx  to* 

1.5  X  10* 

2.4  X  10* 

92 

Tape-cast  soft  PZT 

5x  10’ 

5x10* 

>  10* 

98 

Commercial  hard  PZT 

2x  10’ 

2x10* 

97 

4538 


to  cycles 


Figure  5  |u)  The  (I'l)  normulizcd  poliirizalion  and  (4)  coercive 
held  as  runclions  of  the  switching  cycles,  and  (b)  hysteresis  loop 
curves  for  hot-pressed  PLZT  7/65/35  ceramics. 


Figure  4  Hysteresis  loop  curves  for  a  sintered  PLZT  7/65/35 
sample,  recorded  at  (a)  10^  cycles,  (b)  10’  cycles,  and  (c)  heated  at 
300'  C  for  2  h  after  the  fatigue  lest. 


resulls  will)  Ihe  fatigue  behaviour  of  the  sintered 
samples,  it  is  clear  that  the  density  (porosity)  and 
ceramic-processing  methods  play  an  important  role  in 
determining  the  fatigue  process.  The  improvement  of 
fatigue  behaviour  in  hot-pressed  ceramics  could  be 
mainly  due  to  the  high  density  and  the  absence  of 
defect  pores,  which  will  be  discussed  in  detail  in 
Section  4. 


3.3.  Fatigue  in  soft  PZT  ceramics 
The  remnant  polarization  and  coercive  held  at  a 
frequency  of  1  Hz  for  commercial  PZT  5  sintered 
samples  with  average  grain  size  3  pm  are  36.S  pCcm^ 
and  10  kV cm" ',  respectively,  which  fell  into  the  reas¬ 
onable  ranges;  the  squareness  of  the  hysteresis  loops  is 
excellent.  The  density  is  only  about  92%.  A  h  rge 
number  of  pores  was  found  in  the  specimens  as  shown 
in  Fig.  6a.  Fatigue  tests  were  conducted  at  frequencies 
of  I  and  100  Hz;  similar  fatigue  behaviour  was  ob¬ 
served  for  the  two  frequencies.  The  resulls  at  100  Hz 


TABLE  II  The  remnant  polarization,P„  and  coercive  neld,£,,  for  conventionally  sintered  PLZT  7/65/35  at  Ihe  three  frequencies 

1  Hz 

to  Hz 

too  Hz 

PJpCcm'l 

tVkVcm"') 

P,(pCcm'') 

£,(kVcm'') 

P,(nCcm'’) 

£.(kVcm-') 

Before  fatigue  lest 

26.0 

6.2 

26.9 

6.5 

22.4 

4.7 

After  fatigue  test 

15.6 

5.9 

15.6 

6.7 

15.2 

5.5 

Heated  al  300’’C  for  2  h 

24.5 

6.4 

24.8 

6.5 

22.4 

5.3 
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Figure  6  Microstruclures  of  PZT  ceramics  observed  by  SEM. 
(u)  Commercial  soft  PZT  5.  (b)  tape-cast  soft  PZT,  and 
(c)  com'iicrcial  hard  PZT. 


are  shown  in  Fig.  7,  curve  (a);  the  polarization  de¬ 
creased  very  quickly  and  dropped  below  20%  of  the 
original  value  within  10^  switching  cycles,  but  the 
coercive  field  increased  only  slightly.  Thermal  treat¬ 
ment  on  the  fatigued  sample  brought  P,  back  to 
ISpCcm”^  from  5.3pCcm'^  (the  initial  value  was 
33.1  pCcm"^).  The  changes  in  the  shapes  of  the  hys¬ 
teresis  loops  are  shown  in  Fig.  8. 

Fatigue  tests  were  also  conducted  on  soft  PZT 
specimens  made  by  tape-casting  which  had  much 
fewer  pores  than  those  made  by  conventional 
sintering.  Fig.  6b  shows  the  microstructure  observed 
under  the  SEM.  The  average  grain  size  is  about  1  pm. 


(b)  Switching  cycles 

Figure  7  (a)  Nunnulizcd  polarizations  and  (b)  coercive  field.s  as 
functions  of  the  switching  cycles  for  (■)  commercial  soft  PZT  5, 
(EJ)  tape-cast  soft  PZT  5,  and  (♦)  commercial  bard  PZT  8  ceram¬ 
ics. 


and  the  density  is  near  98%.  Fatigue  results  shown  in 
Fig.  7  indicate  that  the  tape-cast  sample  fatigued  much 
more  slowly  than  the  sintered  samples;  the  fatigue 
rates  of  the  polarizations  are  four  to  five  orders  small¬ 
er  (Table  1).  Of  the  original  remnant  polarization,  66% 
was  still  switchable  after  10’  switching  cycles,  and  the 
change  of  the  coercive  field  was  very  small  (Fig.  7).  The 
hysteresis  loops  recorded  during  the  fatigue  process 
are  shown  in  Fig.  9.  After  thermal  treatment  at  350  °C 
for  2  h  the  polarization  and  coercive  field  recovered 
almost  completely. 

3.4.  Fatigue  in  hard  PZT  ceramics 
Commercial  PZT  8  samples  which  were  conventional¬ 
ly  sintered  with  a  density  near  97%  have  a  coercive 
field  twice  the  value  of  that  in  soft-PZT.  The  fatigue 
results  are  shown  in  Fig.  7.  Like  all  other  sintered  PZT 
samples,  hard  PZT  also  fatigued  under  a.c.  field  swit¬ 
ching.  After  10*  switching  cycles,  73%  of  the  original 
F,  was  still  switchable.  The  fatigue  in  hard  PZT 
samples  proceeded  at  a  slower  rate  than  that  of  the 
sintered  soft  PZT  samples,  close  to  the  rate  of  the  tape- 
cast  soft  PZT  sample.  C(F„)  parameters  of  ha.  d  PZT  8 
are  listed  in  Table  I.  The  £,  of  hard  PZT  in  Fig.  7  was 
stable  without  obvious  change  during  the  fatigue  pro¬ 
cess.  The  ceramic  microstructure  is  shown  in  Fig.  6c; 
the  number  of  pores  is  less  than  that  of  the  commercial 
soft  PZT  samples,  but  more  than  that  of  tape-cast  soft 
PZT  samples,  and  the  average  grain  size  for  hard  PZT 
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Figure  S  Ilytlerciis  loop  curves  for  commercial  sotl  PZT  5  ceramic, 
recorded  at  (a)  10’  cycles,  (b|  10*  cycles,  and  (c)  healed  ai  350  C 
for  I  h  after  Ihe  fatigue  lest. 


is  4  jun.  The  mechanism  of  fatigue  in  PZT  ceramics 
will  also  be  discussed  in  (he  following  section. 


4.  Discussion 

The  fact  (hat  (he  hot-pressed  7/65/35  and  7/68/32 
PLZT  ceramics  did  not  fatigue  at  least  up  to  10’ 
switching  cycles  indicates  (hat  fatigue  occurred  in 


Figure  V  Hysteresis  loop  curves  recorded  during  the  fatigue  process 
for  tape^ast  soft  PZT  ceramic,  recorded  at  (a)  10’  cycles,  (b)  10’ 
cycles,  and  (c)  10*  cycles. 


conventionally  sintered  PLZT  and  PZT  low-density 
ceramics  is  not  concerned  with  the  intrinsic  behaviour. 
One  of  the  possible  mechanisms  of  the  fatigue  in 
specimens  with  pores  and  low  densities  is  domain 
pinning  caused  by  space  charge  [11-13].  The  direct 
evidence  is  that  the  fatigued  properties  in  some  of  the 
samples  can  be  recovered  by  heating  the  samples  to  a 
temperature  higher  than  the  dielectric  maximum  tem¬ 
perature  (to  the  paraelectric  phase).  When  the  fatigued 
samples  were  heated  to  their  paraelectric  phase,  both 
pinned  and  switchable  domains  disappeared  due  to 
the  elimination  of  the  spontaneous  polarization.  With 
(he  temperature  cooled  down,  the  paraelectric  phase 
transferred  to  ferroelectric  phase  and  domains  were 
formed  again  without  pinning.  Thus  the  samples  were 
restored  from  their  fatigued  states.  In  Table  II,  after 
experiencing  10’  switching  cycles,  not  more  than 
30%  of  the  initial  P,  and  (which  is  not  shown  in 
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luOlc  II)  cuuio  DC  svMiciicu.  Oil  iicatiiig  ai  juu  lui 
2  h.  P,  and  a(  100  Mz  coinplelely  recovered  lo  the 
initial  values,  and  for  other  frequencies,  P,  and 
recovered  more  than  95%.  Hie  most  likely  other 
possible  mechanism  of  fatigue  is  microcracking  [5. 6], 
but  it  is  not  possible  lo  heal  the  cracks  or  microcrucks 
at  such  low  lcm|icralures.  Furthermore  when  acoustic 
emission  tests  were  conducted  on  the  recoverable 
samples  during  fatigue  exiK'iiments,  cracking  signals 
were  not  detected. 

Two  questions  must  be  addressed.  Why  does  do¬ 
main  pinning  hapficn  in  7/65/35  PLZT  and  PZT 
ceramic  samples  with  low  density  and  pores,  but  not  in 
high  density  7/65/35  PLZT  samples?  Where  docs  the 
space  charge  needed  to  pin  domain  come  from'*  In  the 
process  of  ceramic  fabrication,  when  the  temperature 
cools  down,  ferroelectric  ceramics  experience  a  phase 
transformation,  from  paraelcctric  to  ferroelectric 
phase  accompanied  by  the  occurrence  of  the  spontan¬ 
eous  polarization  which  forms  domain  structures  to 
minimize  electric  energy,  so  that  the  macroscopic 
polarization  is  zero.  On  the  surfaces  the  polarization  is 
neutralized  by  the  development  of  space  charges,  this 
is  well  proven  by  pyroelectric  measurements.  Pores 
inside  the  ceramics  can  produce  a  large  area  of  inter¬ 
nal  free  surface  and  the  space  charges  must  be  accu¬ 
mulated  on  these  internal  surfaces  to  neutralize  the 
spontaneous  pohirization.  Therefore,  the  pores  can  be 
served  us  reservoirs  of  space  charge.  The  grain  bound¬ 
aries  are  also  polarization  discontinuity  regions  and 
can  trap  charges.  Under  a  high  a.c.  field  the  space 
charges  can  be  pumped  into  the  grains  and  grain 
boundaries,  and  react  with  domain  walls  and  the 
defects  in  domains,  and  reorient  domains  into  a  more 
stable  state,  i.e.  minimum  energy  configuration  which 
can  no  longer  be  switched  by  the  applied  field,  res¬ 
ulting  in  a  decrease  of  polarization  (fatigue).  Campbell 
[14]  studied  the  domain  patterns  of  the  fatigued 
BaTiO]  single  crystal;  he  found  that  the  fresh  crystals 
which  were  poled  revealed  a  domain  pattern  which 
extended  from  one  surface  to  another.  In  fatigued 
crystals,  however,  there  was  no  correlation  between 
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domains  do  not  go  through  the  crystal  but  end  some¬ 
where  in  the  bulk.  This  indicates  the  presence  of 
domain  pinning  by  space  charges  in  the  crystal.  Using 
the  pinning  model,  the  more  pores  and  thicker  grain 
boundaries  that  exist,  the  more  easily  fatigue  occurs. 
This  explains  well  the  different  fatigue  rates  listed  in 
Table  I  for  samples  with  dilTercnt  densities.  The  soft 
PZf  obtained  by  ta|K‘  casting  and  the  hard  P/f 
fatigued  much  less  severely  than  other  samples  be¬ 
cause  they  have  fewer  pores  than  the  others;  the 
commercial  soft  PZT  is  most  porous,  and  fatigued 
most  severely.  In  addition  lo  trapped  space  charges, 
large  pores  and  voids  cun  also  cause  fatigue  by  local 
breakdown  mechanism  due  to  electric  field 
concentration. 

For  some  of  the  most  severely  fatigued  PLZT 
7/65/35  and  commercial  soft  PZT  samples,  the  fatig¬ 
ued  properties  cannot  be  recovered,  even  to  half  of 
their  initial  values,  by  heating  and  annealing  in  the 
paraelcctric  phases  (Figs  2  and  8).  In  these  samples, 
fatigue  was  not  solely  caused  by  the  stabilization  of 
pinned  domains.  Observation  by  optical  microscopy 
and  the  naked  eye  showed  that  the  surfaces  of  these 
samples  changed  in  colour  from  yellowish  to  dark  blue 
or  pale  white  and  that  parts  of  the  surface  layer  were 
peeled  off  from  the  electrode  edges  in  7/65/35  samples 
or  the  whole  electroded  surfaces  expanded  (loosen)  in 
PZT  samples,  as  shown  in  Fig.  10  in  which  the  area 
inside  the  circles  is  the  electroded  area,  i.e.  fatigued 
area,  and  the  area  outside  the  circles  is  non-faligued 
regions  (the  electrodes  were  removed  by  polishing  the 
surfaces  after  fatigue  tests).  In  Fig.  10a,  damage  occur¬ 
red  along  the  electrode  edge  (some  silver  paint  which 
was  used  lo  stick  the  silver  contact  wire  is  left  in  the 
centre  region).  The  fatigued  properties  cannot  be  re¬ 
stored  in  these  samples  because  of  the  permanent 
damage  of  the  surfaces.  The  surface  deterioration 
could  be  the  result  of  electrochemical  reactions  which 
change  the  colour  of  the  samples  [  1 5].  The  discharge 
in  the  pores  near  the  surfaces  can  cause  both  dis¬ 
coloration  and  mechanical  damage.  The  increase  of 


Figure  10  Damaged  surfaces  of  the  fatigued  samples  observed  by  the  optical  microscope  after  removal  of  the  electrodes  by  polishing  the 
surface,  (a)  Sintered  PLZT  7/65/33,  and  (b)  commercial  soft  PZT  3. 
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the  itpplicd  held  ean  enhanee  these  elTects,  which  is  in 
go<xl  agreement  witli  the  experimental  results.  The 
applied  held  for  the  soft  PZT  sample  was  twice  the 
held  applied  to  I’LZT  7/65/.^5  samples,  and  more 
severe  damage  was  observed  on  the  surfaces  of  the 
commercial  soft  I’ZT  than  on  those  of  sintered  PLZT 
7/65/35. 


5.  Conclusion 

Electric  fatigue  occurring  under  high  a.c.  held  in 
conventionally  sintered  PLZT  and  PZT  ceramics  is 
mainly  caused  by  low  densities  (92“/o-98%)  and  the 
existence  of  pores.  The  rate  of  fatigue  depends  on  the 
porosity  of  the  specimens.  Fatigue  proceeds  faster  in 
specimens  with  high  porosity  than  in  those  with  low 
porosity.  Within  lO"  switching  cycles,  the  fatigue  rate 
could  differ  by  two  to  four  orders  of  magnitude.  It  is 
found  that  the  hot-pressed  PLZT  7/65/35  and  7/68/32 
with  high  density  ( >99%)  and  average  grain  size  5  pm 
did  not  fatigue  after  10^  switching  cycles.  This  is  an 
encouraging  finding  for  the  application  of  PLZT  and 
PZT  ferroelectric  and  piezoelectric  ceramics  in  actu¬ 
ators  and  memory  devices.  Two  mechanisms  for  fa¬ 
tigue  occurring  in  low-density  PLZT  and  PZT  ceram¬ 
ics  are  proposed:  the  gradual  domain  stabilization 
(pinning)  by  space  charges  and  the  surface  deteri¬ 
oration  caused  by  the  large  a.c.  field. 
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APPENDIX  18 


EFFECTS  OF  ELECTRODES  AND  ELECTRODING  METHODS  ON 
FATIGUE  BEHAVIOR  IN  FERROELECTRIC  MATERIALS 


QIYUE  JIANG,  E.  C.  SUBBARAO,  AND  L.  E.  CROSS 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 
University  Park,  PA.  16802 


Abstract  Electric  fatigue  behavior,  measured  by  the  change  in  renmant 
polarization  with  the  switching  cycles  under  high  AC  field,  in  ferroelectrics 
(PLZT  ceramics  and  TGS  crystal)  has  been  found  to  be  related  to  electrode 
materials  and  electroding  methods.  Sputtoing  gold  and  rubbed  In-Ga  were 
superior  to  many  commonly  used  electrodes,  such  as  air<dry  and  co-fire  silver 
pastes.  Sputtering  is  better  than  evaporating  to  give  a  good  sample-electrode 
contact,  which  has  been  found  to  be  the  key  factor  in  adtieving  the  intrinsic 
fatigue  rate  of  the  material. 


INTRODUCTION 

Many  fatigue  studies  on  ferroelectric  ceramics  (e.g.  PLZT  **3,  Pb(Zr,  Sn,  Ti)03^  and 
single  crystals  (e.g.  Bi4Ti30i2  employing  a  variety  of  electrode  materials  (Au,  Cr-Au, 
Sn  02-Au,  la,  In-Ga,  Al,  Ag,  Au-Mg,  Pb,  Sn-Ag,  Sn02-In,  etc.)  produced  a  set  of 
conflicting  results,  which  remain  unexplained.  In  the  present  work,  hot  pressed  PLZT 
7/6S/3S  and  7/68/32  ceramics  and  TGS  crystal  were  electroded  with  a  variety  of  materials 
by  several  tedmiques  to  elucidate  die  factors  affecting  the  electric  fatigue  behavior. 


RESULTS  AND  DISCUSSION 
A.  Etectrodiny  Method 

Hot  pressed  PLZT  7/6S/35  samples  widi  S  pm  grain  size  were  electroded  with  gold  by 
vacuum  evapmation  and  sputtering.  Fatigue  tests  showed  no  decrease  of  remnant 


polarization.  Pr,  even  after  10^  switching  cycles  in  the  case  of  sputtering  gold  electrode 
and  a  decrease  of  Pr  by  20%  in  10^  cycles  ft>r  evaporated  gold  electrode  (Figure  1).  In  the 
case  of  evaporated  gold  the  contact  is  purely  physical  and  weak,  so  that  under  high  AC 
field,  it  could  degrade  and  debond.  On  the  other  hand,  sputtering  involves  ion 
bombardment  and  high  temperature  both  of  which  help  to  clean  the  sample  surface  (itself 
a  desirable  feature)  and  the  bombardment  results  in  an  intimate  contact. 

Interestingly,  the  same  sputtered  gold  electrode,  which  is  good  in  the  case  of  PLZT 
ceramic,  when  applied  to  TGS  crystal  results  in  severe  fatigue,  though  air  dry  sUver 
electrode  was  excellent  for  TGS  crystal  (Hgure  2(a)).  The  specimen  with  sputtered  gold 
electrode  showed  a  decrease  of  Pr  by  57%  and  an  increase  of  Ec  by  50%  after  it  is  fatigue 
tested  for  10^  switching  cycles  (Figure  2(b)).Sputteiing  caused  decomposition  of  the 
organic  crystal  (TGS).  which  is  unstable  above  80  ^C.  The  damage  caused  by  ion 


Figure  1  The  normalized  remnant  polarization  as  a  function  of  the  switdiing  cycles 
for  hot  pressed  PLZT  7/65/35  ceramics  widi  (a)  sputtered  gold  electrode  and 
(b)evqK>rated  gold  electrode. 


Figure  2  (a)  The  normalized  remnant  polarization  as  a  function  of  die  switching  cycles 
for  TGS  crystals  with  different  electrodes,  (b)  Hysteresis  loops  of  TGS  crystal  with 
sputtered  gold  electrode. 


bombardment  and  tanperature  rise  is  accentuated  by  AC  field  switching,  resulting  in  the 
tran^arent  crystal  turning  black  during  the  fatigue  test  (die  daritening  increasing  with 
switdiing  cycles).  On  die  other  hand,  air  dry  silver  has  an  organic  liquid  as  a  carrier, 
udiidi  he^  to  make  an  excellent  contact  widi  an  organic  crystal  sudi  as  TGS  but  not 
widi  inorganic  ceramics. 


B.  Electrode  Materials 

Evaporated  Indium  was  found  to  be  comparable  to  evaporated  gold  electrode  but  not  as 
good  as  sputtered  gold.  However,  when  In  or  In-Ga  mixture  was  robbed  over  the 
evaporated  electrode,  contact  improved  and  no  fatigue  was  detected  up  to  10^  cycles.  Co- 
Hre  silver  paste,  one  of  the  most  common  etectrodes,  gave  poor  results  (compared  to 
sputtered  gold)  (Figure  3),  which  was  traced  to  a  darkening  of  the  ceramic-electrode 
interface,  caused  possibly  due  to  the  discharge  resulting  from  the  high  voltage  drop 
across  the  poor  contact  The  importance  of  the  quality  of  contact  is  further  illustrated  by 
the  increase  in  Pr  accompanied  by  decrease  in  ^  between  10^  and  10^  cycles  in  the  case 
of  a  hot  pressed  PLZT  7/68/32  (grain  size  5  pm)  with  tubbed  In-Ga  electrode  (Figure  4). 
This  unusual  behavior  is  attributed  to  better  contact  caused  by  improved  diffusion  of  the 
low  melting  (In.  1S6  Ga,  30  <>C)  electrode  materials,  promoted  by  self  heating  of  the 
saiiq)le  subjected  to  high  AC  field  switching. 


SwitdiinfCpdM 


F4ptre3.  The  normalized  remnant  polarization  as  a  function  of  the  switdiing  cycle  for 
hot  pressed  PLZT  7/68/32  ceramics  with  different  electrodes. 
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Figure  4.  The  nonnalized  remnant  polarization  and  coercive  field  as  a  function  of  the 
switching  cycles  for  hot  pressed  PLZT  7/68/32  ceramics  with  hi-Ga  electrode. 


CQWaUSIONS 

(1)  The  adherence  of  electrode  to  the  ceramics  is  die  key  factor.  Thus,  sputtering 
gold  and  in-Ga  electrodes  are  better  dian  mmy  commonly  used  materials,  sudi  as  air  diy 
or  co-fire  silver  pastes. 

(2)  Sputtering  results  in  a  stronger  contact  than  the  evaporation  method,  and  hence 
is  preferable  fox  ceramics  used  under  high  AC  field  for  long  periods  of  time.  However, 
ion  brnnhardment  and  high  tmnperature  rise  of  die  substrate  involved  in  the  sputtering 
process  can  lead  to  decomposition  of  an  organic  crystal  such  as  TGS. 

(3)  Apprqniate  electrode  materials  qiplied  by  a  suitable  teduiique  can  enable  the 
electric  fatigue  rates  to  qiinoadi  die  intrinsic  rates  of  die  ferroelectric  materiaL 
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FATIGUE  IN  PLZT:  ACOUSTIC  EMISSION  AS  A  DISCRIMINATOR 
BETWEEN  MICROCRACKING  AND  DOMAIN  SWITCHING 
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University  Park.  PA.  16802 


Abstract  Acoustic  emission  study  of  electric  fatigue  in  hot  pressed  PLZT  ceramics 
during  DC  field  poling  and  AC  rield  switdiing  shows  that  the  count  rate  for  domain 
switdiing  is  neariy  two  <mler  of  magnitude  smaller  than  thtt  for  microcracking.  The 
anqtlifier  gain  setting  can  be  used  to  discriminate  the  two  processes. 

INTRQDUCnQN 

The  qtplication  of  DC  field  during  poling  or  an  AC  field  in  electromedianical  s^lications 
results  in  domain  reorientatims  or  microcracks  m  a  ferroelectric  material,  such  as  PL2T 
ceramics.  A  nondestructive  method  to  distinguirii  bttween  the  two  processes  and  to 
signal  the  onset  of  microcracking,  whidi  causes  a  permanent  deterioration  of  the  electrical 
properties,  will  be  valuable.  The  mechanical  deformations  acconqumying  those  two 
processes  give  rise  to  acoustic  emissions  (AE).  The  AE  techniques  were  exploited  for 
this  purpose,  as  part  of  a  comprehensive  study  of  electric  fatigue  of  hot  pressed  PLZT 
ceramics^.  The  parameters  studied  here  ate  effects  of  grain  size,  magnitude  and  frequency 
of  AC  field,  DC  poling,  instrumental  parameters  (anq>lifier  gain  and  threshold). 


Hot  pressed  VLZT  (La/Zr/n  s  If 66132)  of  5  pm  grain  size  in  all  cases  was  used,  except 
for  one  sample  of  18  pm  grains  to  study  grain  size  effect  The  experiment  setup 
enqiloyed  fmr  acoustic  emission  study  of  electric  fatigue  is  shown  in  Figure  1.  The 
acoustic  emission  count  rate  is  plmted  as  a  function  of  time  for  various  experimental 
conditions  and  instrument  settings. 
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D«t  Acquiiitioii  Sytten 


Hguie  1  Experimental  set-up  for  acoustic  emission  study  of  electric  fatigue. 

0«lii:  40420  4a.  ThrMhoM:  40  4B 


TIMI  (SBCONP) 


Hguie2  Effect  of  grain  size  on  acoustic  emission  from  a  hot  pressed 
PLZr  7/68/32  ceramic  sample  under  hi^  AC  field. 


FATIGUE  IN  PLZT:  ACOUSTIC  EMISSION  AS  A  DISCRIMINATOR 


(1)  Grain  Size:  The  results  for  5  pm  and  18  pm  grain  size  hot  pressed  PLZT 
ceramics  (Figure  2)  show  absence  of  any  AE  activity  in  the  fme  grain  material  whereas  a 
large  AE  count  rate  (~10^)  in  the  18  pm  material  is  detected  under  high  AC  field, 
signifying  the  occurrence  of  microracking  due  to  large  deformations  in  the  large  grain 
sample. 

(2)  Magnitude  of  AC  Field:  A  significant  increase  in  the  AE  count  rate  was  detected 
when  the  AC  field  was  increased  from  35  to  55  v/cm  in  a  prepoled  sample  (Figure  3)  and 
was  attributed  to  more  extensive  domain  flipping. 


Gain:  40^40  dB,  Threshold:  40  dB 


TIME  (SECOND) 


TIME  (SECOND) 


Hgure  3  Acoustic  emission  from  a  prepoled  PLZT  7/68/32  ceramics  with  5  pm 
grain  size  under  small  (35  and  55  v/cm)  AC  signal  at  0.1  Hz. 
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Gain:  40-»40  dB,  Thrathold:  40  dB 


TIME  (SECOND) 


Figure  4  Acoustic  emissioa  from  a  prepoted  PLZT  7/68/32  ceiainics  with  5  pm 
grain  size  under  small  AC  signal  at  two  fipequencies. 

(3)  Frequency  of  AC  Reid:  When  the  ftetpiency  of  AC  field  was  increased  from 
0.05  to  0.1  Hz,  the  maximum  count  rate  remained  nearly  same,  but  the  total  count  per 
cycle  decieasedC  Hguie  4).  The  count  rate  is  periodic,  same  as  die  frequency  of  the  AC 
field. 

(4)  Amplifier  Gain:  Acoustic  emisdon  signals  due  to  domain  reorientations,  which 
could  not  be  detected  at  an  amplifier  gain  of  60  dB,  could  be  cleariy  observed  at  a  gain  of 
75  dB  (Hgure  5).  On  die  odier  hand,  AE  signab  arising  from  microcracking  can  be 
detected  even  with  an  amplifier  gain  of  60dB. 


FATIGUE  IN  PLZT;  ACOUSTIC  EMISSION  AS  A  DISCRIMINATOR 
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HgmeS  Effect  of  amplifier  gain  setting  00  the  acoustic  emissiOT  count  me 
detected  in  PLZT  7/68/32  ceramics  with  small  grain  site  under  high  AC  field  at 
0.07  Hz. 


(S)  DC  Poling:  Intense  AE  activity  doe  to  domain  reorimtations  was  delected  as 
soon  as  the  poling  field  was  applied  and  persisted  for  7-8  seconds  till  all  the  domains 
whidi  were  in  a  fiivorable  position  to  undergo  lemientatim  became  mienied  in  tiie  field 
direction^  (Hgure  6).  The  discontinuous  nature  of  tiie  domain  switdies  during  poling 
may  be  contrasted  widi  dw  essentially  continuous,  periodic  variation  of  count  rate  whm 
the  frequency  or  im^itude  of  the  AC  field  was  varied. 
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Figure  6  Acoustic  emissiiMi  detected  as  a  function  of  time  from  a  PLZT  7/6^2 
ceramics  during  DC  poling  (IS  kv/cm)  process. 


CONCLUSIONS 

(1)  AE  signals  generated  during  domain  switching  can  only  be  detected  by  a  high 
anqjlifier  gain  setting  (70  -100  dB)  and’their  intensity,  which  is  a  function  of  the  ^plied 
AC  OT  DC  field,  is  about  two  order  of  magnitude  smaller  than  die  AE  counts  produced  by 
nucrocracking  during  electiic  fatigue. 

(2)  PLZT  (7/68/32)  ceramics  with  grain  size  larger  dian  10  pm  fatigued  after  10* 
switching  cycles,  generating  AE  signals  due  to  microcracking.  In  samples  with  5  pm 
grain  size,  electric  fatigue  did  not  occur  even  after  10^  switching  cycles,  and  AE  signals 
were  not  detected. 

(3)  AE  technique  can  be  fruitfully  employed  as  a  nondestructive  tool  in  the 
development  of  reliable  electromediankal  transducers,  actuators  and  non-volatile  memory 
devices. 
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FIELD  INDUCED  STRESS  CONCENTRATIONS  AND 
ELECTRIC  FATIGUE  IN  reRROELECTRIC  CERAMICS 


Q.  Y.  Jiang,  E.  C.  Subbarao,  Member  IEEE  and  L.  E.  Cross* ,  Fellow  IEEE 


ABSTRACT 

Experimental  study  of  permanent  degradation  of  el«:trical  properties  (polarization  and  coercive 
field)  of  ferroelectric  ceramics  subjected  to  AC  field  revealed  that  microcracks  responsible  for  this 
electric  fatigue  get  initiated  inside  the  electrode  edge  near  the  high  voltage  terminal  side  and  form  a 
circular  ring  which  moves  towards  the  center  with  continued  swttching  cycles.  The  microcracks 
arise  due  to  incompatible  intergranular  stresses  crerUed  by  the  large  strains  generated  by  the  AC 
field  in  diese  materials  which  possess  large  anisotropic  piezoelectric  and  electrostrictive 
coefficients.  A  finite  element  analysis  of  this  case  was  carried  out  in  three  directions  (r,  and  z) 
which  established  the  ma^cimum  tensile  stress  to  exist  on  the  top  surface  inside  the  electrode  edge 
and  propagate  in  the  ^  direction.  The  pattern  of  distribution  of  tensile  stress  thus  fiilly  confirms 
{Hoposed  mechanism  for  the  initiation  and  growth  of  microcracks  responsible  for  electric  fatigue 
of  ferroelectric  ceramics. 


*  The  aothon  are  with  the  Materials  Reseaich  Labonloty.  The  Pennsylvania  State  University,  University  Park,  PA  16802. 
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I.  INTRODUCTION 

Some  of  the  more  demanding  applications  of  fem)electric  ceramics  include  piezoelectric  and 
electrostrictive  actuators  and  non-volatile  memory  devices.  For  example,  ceramic  actuators  have 
excellent  ability  to  control  precise  positioning  (±  0.01  pm),  are  small  in  size  and  simple  in 
configuration.  Their  general  characteristics  include  ^  a  large  range  of  displacements  (10~^  to  tens  of 
micron),  high  response  speed  (-10  ps),  high  generative  force  (-4(X)  kg/cm^)  and  smaller  (by  an 
order  of  magnitude)  driving  power  compared  to  electromagnetic  motors.  A  number  of  practical 
devices,  such  as  active  structure  acoustic  control  \  deformable  mirrors  cutting  error 
correction^,  impact  dot-matrix  printers  ^  and  ultrasonic  motors  are  under  development  based 
on  these  materials.  The  ferroelectric  memory  devices  are  based  on  the  bistable  polarization 
characteristic  of  these  materials.  The  memory  is  non-volatile  and  does  not  require  a  hold  voltage. 
Information  can  be  recorded  by  reversmg  or  reorienting  the  polarization  by  an  electric  field  greater 
than  the  coercive  field  (E  >  Ec)  and  can  be  erased  by  returning  the  polarization  to  the  initial  state  by 
an  tq^lied  field  of  q^X}site  polarity.  The  information  can  be  read  electrically  by  using  a 
ferroelectric  field  effect  device  or  optically  by  means  of  the  photorefiactive  effect  The  large 
coupling  between  optical  and  electrical  prq)erties  allows  efBcient  non-destructive  read-out  of  the 
stored  information. 

These  various  devices  involve  high  strain  or  large  polarization  and  can  become  practical 
realities  only  when  they  can  perform  reliably  for  10^  to  10^  ^  cycles  in  the  case  of  actuators  and  for 
mote  than  10*^  switching  cycles  for  memory  devices.  In  this  case,  one  is  concerned  with  fatigue 
which  refers  to  degradation  of  the  properties  of  materials  or  the  performance  of  devices  with  time 
under  aj^lied  cyclic  (electrical  or  mechanical)  forces  and  not  so  much  with  aging  which  covers 
degradatitm  when  no  extorud  forces  are  involved.  The  reliability  of  materials  is  affected  by  such 
intrinsic  factors  as  domain  wall  pinning,  micro  and  macrodefects,  anisotropy,  limit  of  dynamic 
mechanical  strength  etc.,  as  well  as  extrinsic  factors  of  electrical  origin  such  as  electrode-ceramic 
intrafaoe  degradatitxi,  electric  field  concentration  near  electrode  edge,  large  amplitude  of  AC  field 
or  of  mechanical  or  conqxrsitimial  origin  like  induced  intertud  stress  through  phase  transformation, 
stress  ctmoentration  due  to  inhomogeneities  in  the  component,  applied  external  stresses,  heat  and 
load  effects  etc..  While  aging  studies  on  ferroelectric  capacitors  and  piezoelectric  transducers 

u  have  been  carried  out,  which  established  the  impmtance  of  domain  wail  pinning  to  stabilize 
domain  Structures,  no  serious  examinatitxi  of  electric  fatigue  under  cyclic  high  AC  field  has  been 
repeated. 

Three  types  of  devices  e^ierate  under  high  AC  field:  (1)  electrostrictive  actuators,  (2) 
piezoelectric  high  pow«  transducers  and  (3)  ferroelectric  menxny  devices.  While  cyclic 
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reorientation  of  spontaneous  or  induced  polarization  takes  place  at  the  frequency  of  the  applied  AC 
field  in  the  case  of  electrostrictive  actuators  and  ferroelectric  memory  devices,  the  relationship 
between  stress  and  strain,  electric  field  and  electric  displacement,  and  strain  and  electric  field  is 
linear  only  for  limited  range  of  input  stress  or  electric  field  in  high  power  piezoelectric  transducers. 
The  linear  regime  varies  widely  for  different  piezoelectric  ceramics,  being  roughly  related  to  the 
coercive  field.  At  large  input  electric  field,  the  relationship  becomes  non-linear.  Non-linearity  of  the 
strain-field  relationship  produces  distortion  of  the  mechanical  output;  non-linearity  of  the  electric 
displacement-field  relation  causes  increase  in  dielectric  loss,  which  may  generate  heat  leading  to 
depolarization  In  low  field  {q)plications  of  a  transducer,  the  reliability  is  mainly  limited  by 
electric  field  because  of  depoling  either  by  direct  field  or  generated  heat  In  the  high  frequency 
applications,  eg.  in^>act  printer  head,  transducer  is  usually  working  near  the  resonant  frequency 
and  the  dynamic  mechanical  strength  becomes  the  limiting  factor. 

The  reliability  of  the  electrostrictive  actuators  is  severely  afiected  by  the  dynamic  strength 
because  the  large  strain  generated  can  be  larger  than  the  general  limit  of  the  fracture  strain  ( 10-^)  for 
stivctural  ceramics.  The  reliability  of  the  ferroelectric  memory  devices  is  most  difficult  to  control 
among  the  three  types.  It  is  complicated  by  the  cyclic  reorientation  of  large  spontaneous 
polarization  and  domain  switching.  The  dynamic  strength  is  tl^  dominant  limiting  factor,  while 
domain  pinning  and  continuous  defect  entrapment  for  some  materials  such  as  ferroelectric  thin 
films  can  make  a  major  contribution  to  the  gradual  failure  of  the  devices. 

In  the  light  of  the  above,  a  con^>rehensive  smdy  of  electric  fatigue  in  hot  pressed  lanthanum 
doped  lead  zirconate  titanate  (PLZT)  ceramics  was  undertaken  to  elucidate  the  intrinsic  (eg. 
pores  grain  size  1^,  composition  and  temperature  and  extrinsic  (eg.  surface  contamination 
electrodes  and  electroding  methods  factcns  responsible  for  this  behavior.  The  underlying 
mechanism  consists  of  domain  wall  pitming  due  to  a  variety  of  micro  and  macro  defects  or 
intergranular  microcracking  due  to  inhomogeneous  stresses  set  up  under  high  AC  fields. 
Microscopic  examination  revealed  the  cracks  to  be  initiated  near  the  high  voltage  side  and  extend 
marly  parallel  to  the  electrode  in  a  zagged  fa^tm  and  not  so  much  in  the  field  direction,  to  cause 
mechanical  failure  or  electrical  breakdown.  While  the  microscopic  and  electrical  data  support  the 
proposed  mechanism  for  electric  fatigue,  it  would  be  worthwhile  to  estimate  the  pattern  of  stress 
distributitm,  including  regions  of  stress  concentration,  in  these  materials  wlren  they  are  subjected  to 
large  AC  fields.  This  is  carried  out  in  the  present  paper  using  finite  element  analysis  and  the  results 
are  compared  wifii  experimoital  obsovations. 


n.  EXPERIMENTAL 

Various  conqxjsitions  of  lanthanum  doped  lead  zirconate  titanate  (PLZT)  ferroelectric 
ceramics,  which  are  excellent  candidates  for  electromechanical  actuators  and  non-volatile 
memories,  were  prepared  by  hot  pressing.  The  surfaces  were  thoroughly  cleaned  and  electroded  by 
sputtering  gold.  From  the  P-E  hysteresis  loops,  remanant  polarization  (Pr)  and  coercive  field  (Ec) 
were  estimated  and  plotted  as  a  function  of  time  (switching  cycles).  The  fatigued  samples  were 
examined  by  a  scanning  electron  microscope  but  observation  under  an  optical  microscope  with 
transmitted  light  through  the  transparent  ceramics  was  more  informative. 

Stress  distribution  in  a  ferroelectric  PLZT  ceramics  subjected  to  a  large  AC  field  was 
analyzed,  using  finite  element  analysis  methods,  to  locate  regions  of  stress  concentration,  initiating 
microcracks  and  the  pattern  of  stress  variation,  to  deduce  the  geometry  of  microcrack  growth. 

in.  RESULTS  AND  DISCUSSION 

A.  Microcracking 

Application  of  an  AC  field  to  PLZT  ceramics  resulted  in  electric  fatigue,  displayed  as  a 
decrease  of  the  polarization  and  increase  of  the  coercive  field.  Typical  results  for  a  range  of  X/6S/3S 
conc^sitions  are  shown  in  Fig.  1.  The  electric  fatigue  arises  from  the  pinning  of  domain  walls  by 
space  charge  or  injected  carriers,  or  from  microcracking.  The  former  is  due  to  smaller  strains  and 
is  recoverable  by  thermal  and  electrical  treatment.  The  latter  arises  from  large  incompatible  stresses 
between  grains  and  is  a  permanent  damage.  The  optical  micrographs  of  fatigued  PLZT  (S/65/35) 
ceramics  under  transmitted  light  are  shown  in  Hg.  2.  The  sanqile  was  partially  electroded  and  the 
circular  regitm  in  the  center  shows  die  switched  region  (Fig.  2(a)),  with  the  unswitched, 
unelectroded  region  outside  the  circle.  The  qiaque  ring  in  Fig.  2(a)  is  due  to  microcracking  which 
starts  from  the  electrode  edges  near  die  surface  and  jvopagates  in  a  zagged  fashion  towards  the 
other  surface,  as  shown  mcHe  cleariy  in  Hg.  2(b),  (c)  and  (d)  which  were  obtained  by  focussing 
die  microscope  near  die  bottmn  face,  at  middle  level  and  near  the  top  surface,  respectively. 

In  order  to  obtain  the  details  of  the  miocrocracking  process,  a  sanqile  of  PLZT  8.4/65/35 
which  exhibits  most  severe  fadgue  was  chosen.  The  scanning  electron  micrographs  of  this  sample 
(Hg.  3)  shows  that  the  regicms  which  became  qiaque  due  to  microcracking  were  parallel  to  the 
surface  and  close  to  die  high  voltage  terminal  face  and  extended  (»ily  half  way  through  the 
thickness  after  10^  switching  cycles.  To  confirm  that  the  electrode  edge  is  a  region  of  stress 
amcentradcm  during  an  electric  fatigue  expoiment,  two  sanqiles  of  PLZT  8.4/65/35  were 
dectroded,  <nie  cnly  in  the  oeata  as  a  dtcle  and  the  other  to  the  edges  of  the  sanqile  (Fig.  4(a)) 
ming  idratical  ctmditions.  The  fatigue  results  of  these  sanqiles  cleariy  show  that  fatigue  in  partially 
etoctroded  sample  starts  1(P  switching  cycles,  much  earlier  than  the  fully  electroded  samples 
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(1(P  cycles)  (Fig.  4(b)).  In  paitially  electroded  sample,  the  edges  were  constrained  by  the 
unelectroded  ceramic  body,  and  the  stress  concentrations  were  highly  enhanced  around  the  edges. 
The  results  clearly  show  that  the  initiation  of  microcracking  and  the  growth  of  microcracks  are 
closely  related  to  the  discontinuity  of  the  electric  field,  which  inevitably  results  in  the 
inhomogeneous  deformation  of  ceramics. 

The  stress  concentrating  effect  of  cracks  is  fundamental  to  fracture  mechanics  Fatigue 
phenomena  in  the  present  study  is  primarily  caused  by  mechanical  failure  i.e.  microcracking 
(fracture)  which  is  controlled  by  stress  concentrations.  The  factors  either  intrinsic  or  extrinsic 
which  can  generate  stress  concentration  under  high  AC  field  have  been  shown  to  contribute  to 
fatigue.  The  fact  that  electric  fatigue  due  to  microcr^king  always  started  from  the  electrode  edges 
suggests  that  the  stress  concentrations  in  field  discontinuity  regions  control  initiation  and  growth  of 
cracks.  Therefore,  it  is  necessary  to  know  the  magnitude  and  distribution  of  the  stresses  induced  by 
AC  electric  field. 

B.  Finite  Element  Analysis 

Finite  element  analysis  (FEA),  which  is  a  very  useful  tool  to  solve  the  complex  mechanical 
stress  problems  was  used  to  calculate  the  stress  distribution  in  the  present  study.  In  this 
method,  the  sanqple  is  divided  into  small  discrete  elements,  the  so-called  finite  elements.  The 
mechanical  displacements  and  stress  as  well  as  electrical  potential  and  charge  can  be  determined  at 
the  joints  of  these  elements.  The  values  of  these  mechanical  and  electrical  quantities  at  an  arbitrary 
position  on  the  element  are  givoi  by  a  linear  combination  of  polynomial  interpolation  functions 
with  the  values  of  diese  quantities  at  the  joints  as  coefficioits. 

The  diameters  of  the  disc  and  the  electroded  circle  area  of  a  disc  sample  (PLZT  8/6S/3S) 
which  was  chosen  for  FEA  calculation,  ate  5  mm  and  3  mm,  respectively,  and  the  thickness  of  the 
sample  is  0.5  mm,  as  illustrated  in  Hg.  5.  Due  to  the  symmetric  distribution  of  the  stress  along 
thickness  direction  (z  axis),  it  is  only  needed  to  consida  half  body  of  the  sample  divided  along  z 
axis.  The  half  body  then  was  divided  into  5  layers  along  z  axis,  and  each  layer  was  further  divided 
into  20  elements;  together  thne  were  100  ting  elements  with  quadrilateral  cross  sections,  as  well  as 
126  joints  as  shown  in  Hg.  6.  The  stress  and  displacement  ate  generated  by  electromechanical 
coupling  effect,  mainly  piezoelectric  effect  Thetefme,  the  necessary  parameters  for  FEA 
calculation  of  PLZT  8/65/35  were:  iqipUed  electru;  field  s  15  kv/cm,  piezoelectric  coefficients  dsa  = 
682  and  dsis  d32  ~  -320  pC/N,  density  s  7.8x10^  kg/m^,  elastic  constant  s  8.0x101^  N/m^,  and 
Poisson  ratio  s  0.33. 

The  calculated  results  by  FEA  method  ate  shown  in  Figs.  7  and  8  where  only  one  quarter  of 
the  whole  cross  section  was  plotted.  In  Hg.  7  the  broken  lines  rejnesent  the  miginal  shape,  and  the 
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solid  lines  represent  the  deformed  sh^)e  under  ^plied  electric  field;  it  can  be  seen  that  the  sample 
expanded  along  z  direction  and  contracted  along  r  direction  under  applied  field;  at  the  electrode 
edge  the  deformation  is  not  uniform.  The  stress  distributions  ate  clearly  shown  in  Fig.  8  for  three 
directions  (r,  <|>,  and  z);  the  positive  sign  of  stress  represents  the  tensile  stress,  and  the  negative  sign 
represents  the  compressive  stress.  Stresses  in  all  three  directions  have  their  maximum  values  of 
tensile  stresses  at  the  circumference  with  a  diameter  slightly  smaller  than  the  electrode  edge,  and 
their  maximum  value  of  compressive  stresses  at  the  circumference  with  a  diameter  slightly  larger 
than  the  electrode  edge;  all  these  maximum  stresses  are  close  to  the  surfaces  of  the  sample.  Since 
the  maximum  tensile  stress  (36.1MPa)  is  larger  than  that  of  the  compressive  stress  (32.4  MPa) 
and  for  brittle  materials  the  tensile  strength  is  usually  about  one  to  two  orders  of  magnitude  lower 
than  the  conqnessive  strength^^,  only  the  effects  of  tensile  stress  need  to  be  considered  in  this  case. 

The  maximum  tensile  stresses  in  r.  0,  and  z  directions  are  36.1, 25.9  and  1 1.6  MPa,  all  of 
which  are  near  the  electrode  edge  and  are  much  larger  than  the  stresses  in  the  sample  body  which 
are  12, 12,  and  0  MPa  for  r,  <|>  and  z  direction,  respectively,  as  shown  in  Fig.  8.  Since  the  tensile 
strength  data  for  PLZT  ceramics  are  not  available,  the  average  of  hoop  tensile  strengths  of  Navy 
standard  rings  for  PZT  ceramics  measured  by  Pohanka  and  Smith^^  are  employed  for  purpose  of 
con^nriscn.  These  values  are  41, 43, 47  MPa  for  unpoled,  axially  poled  and  radially  poled 
san^les,  respectively.  Since  the  dynamic  strength  is  always  lower  than  the  static  strength, the 
maximum  tensile  stresses  (36.1  MPa)  in  our  experiments  are  large  enough  to  initiate  a  crack  as 
observed  in  real  situations.  The  cracking  patterns  and  character  of  crack  growth  can  also  be 
understood  from  the  calculated  stress  distributions  in  Fig.  8.  The  tensile  stress  in  r  direction  should 
cause  the  cracks  to  start  near  the  electrode  edges  and  grow  along  the  <|>  direction  (circle);  the  tensile 
stress  in  the  0  directicm  can  cause  cracks  to  start  near  the  electrode  edges  and  grow  in  the  r 
ditecti(»;  and  the  tensile  stress  in  the  z  direction  can  also  cause  crack  to  start  near  edges  and  grow 
parallel  to  the  surfaces.  Since  the  largest  stress  is  in  r  direction,  it  is  expected  that  the  crack  gets 
initiated  near  the  electrode  edges  and  i^tows  mainly  in  the  direction.  Fig.  2  shows  that  the  cracks 
in  fact  started  inside  edges  of  tbc  electrode  and  {xq)agated  in  ^  direction.  Microcracks  in  Fig.  2 
growing  circulariy  towards  the  center  can  be  also  be  explained  by  the  stress  distribution;  after 
microcracks  occurred  inside  tiie  electrode  edges  these  microcracks  soon  became  new  edges  and 
rqtlaced  old  ernes;  the  stresses  could  redistribute  and  the  stress  concentrations  moved  to  new  inside 
edges  and  caused  further  microcracking  which  thm  became  new  edges.  With  the  continuous 
switching  this  process  repeated  again  and  again,  causing  microcracks  to  move  closer  and  closer  to 
the  center. 
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IV.  CONCLUSIONS 

The  decrease  of  polarization  and  increase  of  coercive  field  of  ferroelectric  ceramics  subjected 
to  AC  field  is  termed  electric  fatigue.  It  is  caused  by  domain  pinning  or  microcracking.  The  former 
is  recoverable  by  electrical  or  thermal  treatments  and  the  latter  is  permanent.  Microcracking  occurs 
due  to  stress  concentrations  created  by  incompatible  large  strains  between  grains  under  large  AC 
field.  The  anisotropic  piezoelectric  and  electrostrictive  coefficients  of  these  materials  are 
responsible  for  these  strains.  The  microcracking  was  observed  to  get  initiated  inside  the  electrode 
edge  on  the  high  voltage  terminal  side  and  propagate  as  a  circular  ring  which  moves  towards  the 
center.  Finite  element  analysis  of  the  stress  distribution  in  three  directions  (r,  ((>  and  z)  shows  that 
the  maximum  tensile  stress  is  observed  near  the  surface  slightly  inside  the  electroded  portion  and 
that  the  stress  contours  extended  in  a  circular  pattern,  with  the  circles  moving  towards  the  center. 
Since  ceramics  are  weaker  in  tension  than  in  compression,  the  finite  element  analysis  thus 
confirms  the  pressed  mechanism  for  the  initiation  and  growth  of  microcracks  responsible  for 
electric  fatigue  in  PLZT  ferroelectric  ceramics. 
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Fig.  1.  The  normalized  remanant  polarization  and  coercive  field  as  a  function  of  the  switching 
cycles  for  hot  pressed  PLZT  ceramics  with  compositions  x/6S/3S. 

Fig.  2.  Microstnicture  of  the  fatigued  PL27r  8/6S/3S  sample  observed  by  optical  microscope  with 
transmitted  light,  (a)  shows  the  total  fatigued  area  (within  circle);  (b),  (c)  and  (d)  show  further 
observation  under  higher  magnification  for  pan  of  the  opaque  ring  in  (a),  when  the  picture  was 
focused  near  tl^  bottom  face  of  the  sample  (b),  in  the  middle  level  (half  above  the  bottom)  (c),  and 
near  the  top  surface  (d). 

Fig.  3.  Fractured  cross  section  of  a  fatigued  PLZT  8.4/6S/3S  sample  ooserved  by  SEM. 

Fig.  4  (a).*Electrode  configurations:  fully  electroded  (A)  and  partially  electtoded  (B).  (b)  The 
normalized  remnant  polarization  as  a  function  of  the  switching  cycles  of  hot  pressed  PLZT' 
8.4/65/35,  (A)  fully  electroded  sample,  and  (B)  partially  electroded  sample. 

Fig.  5.  Sample  configuration  used  for  FEA  calculation. 

Fig.  6.  Joint  identification  of  one  quarter  of  cross  secticmal  area. 

Fig.  7.  Deformed  shiqie  (solid  line)  and  undeformed  shape  (dash  line)  of  a  one  quart  of  cross 
sectional  area . 

Hg.  8.  Stress  distribution  in  (a)  r,  (b)  and  (c)  z  directicms. 
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DIELECTRIC  PROPERTIES  Or  SINGLE  GRAIN  IN  PLZT  FERROELECTRIC 
CERAMICS 


Q.  Y.  JIANG,  E.  C.  SUBBARAO,  L.  E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State  University 

University  Park,  PA.  16802 


Abstract  The  hot  pressed  and  grain-grown  transparent  ceramics  with  maximum 
grain  size  80-100  pm  i^vides  the  pr^bili^  of  investigating  the  dielectric 
properties  of  single  grain  from  ceramic  specimens.  The  ion  imlling  technique  was 
enyloyed  to  separate  the  grains.  The  dielectric  permittivities  of  single  grain  of 
PLzT  have  been  measured.  It  is  found  that  the  range  of  dielectric  cmistant  of 


single  grains  in  unpoled  state  is  larger  than  that  of  the  bulk  ceramic.  Poling  in  both 
single  grains  and  Inilk  ceramics  retfaices  the  dielectric  constant  in  the  poling 
dir^on,  and  increases  it  in  the  direction  perpendicular  to  the  poling  field.  The 


anisotropy  of  dielectric  permittivity  for  PL2T  8/6S/3S  is  calculated  firran  the  single 
grain  data. 


lanthanum  doped  lead  zirconate  tittmate  (PLZT)  ceramic  system  has  been  the 
subject  of  much  intnest  due  to  their  high  optical  transparency,  excellent  electro-t^cal 
characteristics,  unusually  high  dielectric  constant  and  jnezoelectric  constants,  and  square 
ferroelectric  hysteresis  loop  with  low  coercive  field.l'^  PLZT  ceramic  is  cme  of  the  best 
candidate  matoials  for  electro-optical  devices  and  the  non-volatile  memory  devices  which 
have  been  develt^ied  r^idly  in  recent  years. 

Unfmtunately ,  single  crystal  growtii  of  PLZT  is  so  difficult  that  it  can  only  be 
made  as  a  polyctystalline  ceramic.  Thus,  there  are  no  single  crystal  data  available. 
However,  the  transparent  PLZT  polyctystalline  coamic  with  rmoumum  grain  size  30 
to  100  pm  can  be  obtained  from  the  hot  preyed  specirnens  by  the  gr^-growth 
technique,  whidi  provides  tiie  possibility  of  investigation  of  the  physical  {noperties  of 
the  single  grain  6^  ceramic  samples,  b  tbepresrat  wcwk,  the  melectric  constants  of 
the  PLZT  ^gle  grain  in  unpoled  and  poted  states  tmd  the  tenqperature  dq)endence  of 
didectiic  ccxistant  of  single  grain  diick  q)ecimeos  were  measiued.  The  rKults  ate 
conqMaed  witii  the  thick  PIZT  ceramic  samples. 

The  compositi(»  of  die  PLZT  is  8/6S/3S  (La/Zt/Tt,  mole  ratio)  and  this 
conqnsititm  is  located  near  the  rfaomlxdiedrai,  tetragcmal,  and  cubic  phase  boundary. 
PLZT  8/65/3S  exhibits  typical  fietioelectric  lelaxm:  behavior.^A  Small  discs  with 
diameters  ranging  frmn  6  pm  to  100  pm  were  obtained  by  die  ion  milling  technique  as 
follows.  First  the  sanq>le  was  polish^  cleaned,  and  aru^ed  at  600  <*C  for  1  h^,  then 
one  face  of  the  sample  was  metallized  with  aluminium.  After  brmding  to  a  thin  glass 
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FIGURE  1 .  The  top  view  of  the  ion  milled  PLZT  sanq>le  (area  l).VFigures  on  the  left 
side  are  diameters  of  the  dots  (ranged  from  6  pm  to  100  pm),  and  figures  on  the  right 
side  are  the  number  of  dots  for  each  diarn^r. 


sl^,  the  san^)le  was  1^)1^  to  8.9  pm  thickness.  Then  the  top  surfiKX  was  also  metallized 
with  gold.  After  reticulkioa  masking  was  aj^lied  to  the  top  of  the  surface  of  the  two 
regions,  the  edges  of  the  dots  were  defined  by  ion  milling.  The  milling  depth  was  2  pm 
for  one  region  (called  area  1)  and  7  pm  for  another  region  (called  area  2).  The  view  of  the 
well  defined  discs  with  diameters  of  100  pm,  50  pn^  20  pn^  ISpm,  12pm,  10pm,  8pm, 
and  6  pm  for  area  1  is^wninHgure  1.  Area  2  which  was  imi  milled  to  a  depth  of?  pm 
is  not  shown  here. 

The  ^electric  permittivity  (constant)  fix-  each  disc  of  diffnent  (fiameters  was 
measured  with  Genexal  Radio  1621  Precisitm  Opicitance  Measurement  System  at  1  KHz. 
The  contact  between  disc  and  measurement  device  was  made  possible  by  probes  through 
the  optical  microscope. 

The  diekctiic  constant  measured  from  the  discs  of  aU  sizes  in  area  1  and  area  2  at 
room  tBiiq)erature  without  prepoling  are  shown  in  Figure  2(a)  and  (b),  respectively.  For 
each  diameter  the  measurements  were  carried  out  on  at  least  five  di^,  and  for  some 
diamefeers  on  nxxe  than  30  discs.  The  dielectric  constants  of  discs  with  different  size 
ranged  from  3800  to  80(X)  for  area  l,wd  4200  to  9000  fix  area  2.  A  dispersion  of  the 
dietectric  constants  of  the  discs  with  same  diameter  was  observed  (Hg.  2),  and  the  effete 
was  larger  as  the  diametn  of  the  disc  decreased.  The  chan^  of  the  dielectric  constant 
ranged  fitmn  12%  for  100  pm  diameter  to  47%  for  6  pm  diameter  (Fig.  2(a)).  From 
Hgure  2  one  can  see  that  average  dielectric  constant  of  area  2  is  lat^  dum  that  of  area 

1 .  This  can  be  nxxe  cleariy  seen  in  Hgure  3,  in  which  the  tmiq«ature  ^epeadaicc  of 
dielectric  constant  of  100  pm  and  50  pm  discs  in  area  1  and  area  2  are  ^wn.  The 
different  nw^rhanipiii  bcNuidary  conditions  between  two  areas  due  to  the  differmt  milling 
depdi  (2  pm  and  7  pm  fix  area  1  and  2,  respectively)  are  resptxisible  for  this  difference. 
78%  of  the  disc  ed^  in  area  2  was  free  and  22%  of  the  edge  was  clamped,  compared  widt 
22%  fiee  and  78%  clanqwd  in  area  1. 

The  grain  bounda^  in  area  1  are  clearly  visible  under  the  optical  microscope,  and 
die  discs  with  only  single  grains  in  them  (iix:luding  8, 10, 12 ,  and  15  pm  diameters) 
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FIGURE  2.  The  dispersion  of  the  dielectric  constant  of  different  diameters  for  discs 
of  all  sizes  in  (a)  area  1  and  (b)  area  2  at  1  kHz  without  prepoling. 


could  be  distinguished  firom  those  with  multigrains  (contained  1  to  3  grain  boundaries). 
The  dielectric  constants  of  th^  single  grains  in  unpoled  states  are  shown  in  Figure  4(a) 
together  with  those  of  multigrains  of  same  diameters  (Figure  4(b)).There  are  no  dramatic 
cl^ges  of  the  dielectric  crastants  in  single  grains  and  i^tigrains.  This  can  be 
understood  by  the  fact  that  die  polarization  in  an  unpoled  single  grain  is  not  aligned  along 
one  direction,  and  many  micixidomains  existed  a  grain.  Tterefore,  both  the 

miiitigrain  discs  and  the  single  grain  discs  are  assemblies  of  multidomains,  except  that  the 
miitrigrain  discs  contained  grain  boundaries  also.  The  results  in  Hgure  4  also  indicate  that 
the  grain  boundaries  cminected  parallel  to  grains  do  not  significandy  affect  dielectric 
permittivity. 

Anisotropy  of  the  dielectric  permittivity  in  PLZT  single  grains  could  be  studied  by 
poling  the  single  grain  discs  under  DC  field  (QO  Kv/cm)  la^^  than  the  coocive  field  (5 
kv/cm).  The  dielectric  constants  measured  befixe  and  after  poling  are  shown  in  Figure  5 
ai^  T^le  1.  The  poled  didectric  constants  are  smaller  than  the  unpoled  tmes,  which  is  in 
agreement  with  the  dielectric  data  obtdned  from  bulk  PLZT  ceramics  by  us.  This  can  be 
^■Tpiainjtfl  by  the  formation  of  macrodomains  from  microdomains  under  high  DC  field 
llie  contribution  to  the  weak  field  properties  by  microdomains  is  greatly  r^uced.  The 
extent  of  die  decrease  of  the  dielectric  constant  was  not  always  same  for  all  singe  grain 
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FIGURE  3.  Tenqmature  dependence  of  Ae  dielectric  cmistant  of  ion  milled  PLZT 
sanq>te  with  disc  diameter  (a)  50  pm  and  (b)  100  pm. 


TABLE  1  The  Measureed  Dielectric  Constant  for  Both  Single 
Chains  and  bulk  Ceramic  of  PL2T  8/65/35. 


DielectrfScMistant 

Bulk  ceramic 

.Unpoled 

5000  -  7000 

4500  -  5000 

3000  -  6000 

4100  (K33)  5900  (Kn) 

discs  bodi  with  different  diameters  and  same  diameter,  and  the  decrease  ranged  from  8% 
to  30%.  Since  the  ciystallogra(^  axes  of  the  sin^  pains  are  not  always  aligned  in  the 
same  direction,  tte  angle  between  the  measured  diiecticm  and  ciystallogn^hic  axis  aftw 
poling  is  a  fiinctiiMi  of  individual  grains,  ranging  from  0^  to±30‘^for  orthothombic  phase, 
Oo  to  ±35.5<*  fmr  rtiombohedral  {diase,  or  0  to  ±45<*  for  tetragonal  phase,  provided  that  the 
poling  is  complete.  The  poled  frfiase  of  PLZT  8/65/35  is  wthoriiombic.^*  If  we  take  the 
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FIGURE  4.  The  dispersion  of  the  dielectric  constant  of  (a)  single  grains  and  (b) 
multigrains  for  four  diameters  at  1  kHz  without  i»epoling. 


minimum  of  the  measured  single  grain  dielectric  constant  as  the  KT33  which  is  3000,  and 
the  maximum  6000  as  KT  along  the  directitm  of  SO*’  away  from  the  c  axis  (Table  1).  The 
relationship  among  KTn,  KT33,  and  KT  for  single  grain  is 

KT  =  (1-  (cos30o)2)KTi  1  +  (cos30o)2  KT33,  (1) 

where  it  is  assumed  that  KT22  -  KTn.  since  the  lattice  parameters  a  (S.777 A)  and  b 
(S.794A)  are  very  close  in  8/6S/3S  coixqx)siti<xL^  After  replacing  KT33  and  KT  by  3000 
and  60(X)  in  equation  (1),  we  have 
KTn  =  15000. 

The  calculated  K^n  is  larger  than  KTpoie  (3000  ~  6000)  and  K^unpote  (5000  ~  7(XX))  in 
single  grains,  which  is  consistent  widr  the  results  of  the  bulk  FL^r^6S/3S  samples  in 
which  the  measured  KTi  1  (perpendicular  to  the  poling  direction)  is  5900,  and  KT33 
(parallel  to  the  poling  direction)  is  4100,  and  KTuqxrie  is  5(XX)  (Table  1). 
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FIGURE  S.  The  dielectric  constant  of  single  grains  measured  before  and  after 
poling  fw  f<Hir  diameters. 


In  conclusimi,  the  anisotn^  of  dielectric  permittivi^  forPLZT  8/65/35  has  beoi 
derived  from  the  data  measured  die  single  grains.  The  dielectric  cmistant  in  c 
direction  is  ^3000,  and  in  a  or  bdirectitm^  15000.  The  range  of  dielectric  cmistant 
(5000  ~  7000)  of  single  grains  in  unpoled  state  is  larger  dun  that  of  the  unpoled  bulk 
ceramic  (4500  ~  5000).  The  parallel  grain  boundaries  do  not  sevndy  affect  the  dielectric 
pnqietty  of  PLZT,  but  the  mkhanical  boundary  cmiditioa  can  influence  the  dielectric 
measurement  It  is  found  that  both  in  single  grains  and  bulk  cnamics  poling  proc^ 
reduces  the  dielectric  omstant  along  die  dire^ion  pataM  to  the  poling  field,  and  inaeases 
it  altmg  the  direcdon  perpendicular  to  die  poling  field,  which  is  differmt  from  the  PZT 
normal  ferroelectric  coamics. 
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The  contribution  of  90^  domain  wall  motion  to  the  piezoelectric  coelftcient  da  in  ferroelectric  PZT  ceramics  has  been  evaluated 
quantitatively  by  a  simple  model.  The  microstructures  of  PZT  ceramics  have  also  been  considered  iliruiigh  the  evaluation  process. 
In  order  to  avoid  sdme  formidable  and  somewhat  ambiguous  calculations  involved  and  also  in  order  to  offer  a  clear  pli)sical 
picture  of  the  domain  contribution  to  the  piezoelectric  cocflicient  da  in  ferroelectric  ceramics,  we  have  introduced  a  new  concept 
of  the  effective  number  of  domain  walls  in  the  quantitative  evaluation  process  which  reflects  the  magnitude  of  domain  wall 
density  in  ceramics.  The  obtained  calculation  result,  .dr/jj = 2 1 9.4  x  10*  m/ V,  supports  the  measured  data  and  also  is  inherently 
plausible  in  terms  of  the  contribution  of  domain  wall  motion  to  the  electromechanical  properties  of  ferroelectric  ceramics. 


1.  Introduction 

In  principle,  one  of  the  challenges  facing  materials 
scientists  is  how  to  develop  a  scientific  foundation 
for  understanding  and  rational  designing  the  so¬ 
phisticated  materials  systems  with  novel  microstruc¬ 
tures  as  well  as  multiple  functional  characteristics. 
One  of  the  key  issues  for  this  development  is  to  gain 
a  better  understanding  of  the  basic  physics  in  com¬ 
plex  systems  and  to  provide  more  complete  physical 
pictures  and  underlying  theoretical  bases  for  these 
complex  systems  in  great  detail.  With  the  develop¬ 
ment  of  modern  microelectronics,  it  is  becoming 
more  and  more  important  to  quantitatively  inves¬ 
tigate  the  physical  properties  of  electronic  polycrys¬ 
talline  materials  by  considering  their  microstruc¬ 
tures  in  detail. 

The  basic  quantities  in  ferroelectric  polycrystal- 
iine  materials  are  the  spontaneous  macroscopic  po¬ 
larization  and  displacement,  which  result,  e.g.,  upon 
application  of  an  electric  field,  and  persist  at  null  field 
in  two  enantiomorphous  metastable  slates  of  the  ce¬ 
ramic  system.  These  quantities  are  related  to  the  di¬ 
electric  and  piezoelectric  coefficients  of  the  ceramic 

'  Present  address:  IIS  Sachem  Village.  West  Lebanon,  NH 

037«4,  USA. 


and  are  different  from  those  in  crystals,  even  in  a 
multidomain  single  crystal  system.  The  contribu¬ 
tions  of  90°  domain  wall  motion  to  the  dielectric, 
piezoelectric,  and  elastic  properties  of  ferroelectric 
ceramics  have  been  discussed  extensively  in  the  past 
(l-ll).  The  strong  increase  in  the  piezoelectric 
coefficient  and  dielectric  cocfficienls  could  be 
understood  by  shifts  and  oscillations  of  90''-lype  do¬ 
main  wails.  However,  the  quantitative  evaluation  of 
extrinsic  contribution  to  the  physical  properties  in 
ferroelectric  polycrystalline  materials  is  still  in  its  in¬ 
fancy.  Arit  et  al.  [1,2]  employed  a  dynamic  equation 
of  domain  wall  motion  to  evaluate  the  dielectric,  pie¬ 
zoelectric,  and  elastic  coefficients  through  averaging 
the  domain  wall  motion  contributions  with  respect 
to  every  individual  grain  for  a  ceramic  sample.  A 
similar  work  was  also  done  by  some  Russian  scien¬ 
tists  [9,10].  Bondarenko  ct  ai.  [II]  have  proposed 
a  method  which  takes  into  account  an  clastic  inter¬ 
action  between  a  multidomain  grain  and  the  sur¬ 
rounding  ceramic  matrix.  Although  several  models 
have  been  postulated  over  the  years,  the  study  of 
quantitative  correlation  between  the  domain  bound¬ 
ary’s  displacement  and  the  induced  piezoelectric 
coefficients  in  polycrystallinc  materials  is  still  very 
desirable  and  demanded  in  practice. 

'  In  the  present  work,  we  give  an  estimate  of  the  pic- 
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zoeicctric  cocfTicient  in  ferroeleciric  polycrys- 
tailine  materials  based  on  a  very  simple  model 
(1,2.4,81,  which  provides  some  insight,  at  the  mi¬ 
croscopic  level,  into  the  basic  physics  of  ferroelectric 
ceramics.  The  way  of  evaluating  the  piezoelectric 
constant  presented  here  is  slightly  different  from 
those  in  previous  studies  [  1 ,2,9- 1 1  ]  in  order  to  pro¬ 
vide  more  comprehensive  data  and  avoid  some  cum¬ 
bersome  and  formidable  as  well  as  somewhat  am¬ 
biguous  calculations  involved  and  also  in  order  to 
offer  a  clear  physical  picture  of  the  domain  contri¬ 
bution  to  the  piezoelectric  coefficient  in  ferro¬ 
electric  ceramics.  Meanwhile,  t  i  microstructures  of 
ceramic  samples,  i.e.  both  the  width  of  the  domain 
and  the  orientational  distribution  of  spontaneous 
polarization  in  domains  as  well  as  the  density  of  the 
domain  walls,  have  also  been  considered  explicitly. 
The  results  of  quantitative  calculations  are  given  for 
a  tetragonal  PZT  ceramic  which  is  one  of  the  most 
studied  and  the  most  useful  perovsicite  ceramics.  The 
obtained  results  of  the  quantitative  evaluation  seem 
to  be  pretty  much  reasonable  and  accurate  in  com¬ 
parison  to  the  experimental  data. 


2.  Evaluating  extrinsic  contribution  to  piezoelectric 
coeflident  Adjj 


Fig  I.  (a)  A  basic  unit  of  a  crystallite  with  a  displaceable  90*’- 
domain  wall,  and  (b)  a  scbematic  illustration  of  tbe  stain  inter¬ 
action  effect  in  polycrystalline  ceramics. 


Fig.  I  shows  the  domain  boundaries  (DB)  in  a 
ferroelectric  ceramic  matrix.  From  Arlt’s  model 
[1.2],  when  the  frequency  (o  of  the  domain  oscil¬ 
lation  approaches  to  zero,  the  displacement  d/  of  a 
domain  boundary  under  a  small  electric  field  can  be 
written  as 

M^F{e)PoE/f^,  (1) 

where  F{9)  is  a  factor  related  to  an  angular  distri¬ 
bution  between  the  direction  of  spontaneous  polar¬ 
ization  in  a  specific  domain  and  the  direction  of  the 
applied  electric  field,  Fq  is  the  spontaneous  polari¬ 
zation,  E  is  the  applied  electric  field,  and  fto  repre¬ 
sents  the  force  constant  for  the  90°  domain  wall  mo¬ 
tion  process  which  can  be  determined  by  the 
experimental  measurement.  F{d)  is  around  1.4-0.5 
in  a  well  poled  ceramic  since  the  orientational  dis¬ 
tribution  of  domain  boundaries  is  conical.  For  sim¬ 
plicity,  here,  we  take  F(6)  as  1,  which  stands  for  a 
special  case  in  which  the  direction  of  the  applied 


electric  field  is  parallel  to  the  direction  of  sponta¬ 
neous  polarization  in  one  of  the  domains  near  the 
boundary  as  shown  in  fig.  la.  At  the  resonance  fre¬ 
quency  of  domain  wall  motions,  the  equation  of  do¬ 
main  wall  motion  becomes  [  1,2,4,12] 

Wd9oA/ -l-yioA/s  —  ,  (2) 

where  /Hi^  is  the  effective  mass  of  the  90°  domain 
wall.  Setting  A/s A/oexp(icuf),  from  eqs.  (2)  and 
( I ),  we  have 

d/»o=F,F/(^— >  (3) 

where  A/w  represents  the  displacements  for  the  90° 
domain  wall  motion.  On  the  other  hand,  when  the 
wall  boundary  is  displaced  by  a  distance  A/,  the  in¬ 
duced  polarization  should  be  written  as 

AF«,sF,A/Wf-.  (4) 

where  A/m  is  the  induced  polarization  for  the  90° 
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(loniaiti  wall  motion  process,  and  L  is  the  width  of 
90**  domain  walls.  It  should  be  noticed  here  that  we 
use  the  syml)ol  A  to  indicate  all  quantities  with  the 
symbol  A  arising  from  the  90''-doinain  wall  vibration 
only.  Combining  cqs.  (3)  and  (4),  the  force  con¬ 
stant  ./io  can  be  expressed  as 

(5) 

where  A;f„)  is  the  value  of  ultra  low  frequency  sus¬ 
ceptibility  which  is  assumed  to  arise  exclusively  fiom 
the  90"  domain  wall  motion  process  because  all  do¬ 
mains  should  be  almost  90"  domains  ( 1 3  ]  in  the  dis¬ 
torted  tetragonal  and  well  poled  ceramics.  Mean¬ 
while.  it  is  important  to  note  that  here  the  force 
constant  f^o,  the  susceptibility  Ax<xt  and  the  displace¬ 
ment  Alfo  of  the  90"  domain  boundary  are  all  varied 
with  tcmiwraliire  because  these  quantities  arc  caused 
by  the  90"  domain  boundary  movement.  At  low  tem¬ 
peratures,  AP<n  and  the  consequent  piezoelectric  ef¬ 
fect  will  disappear  as  long  as  the  90"  domain  wall 
motion  is  frozen  out.  Obviously,  if  A^'yy  is  becoming 
zero,  i.e.  there  is  no  90"  domain  wall  motion  con¬ 
tribution  to  the  piezoelectric  properties  of  ferroelec¬ 
tric  ceramics,  the  induced  displacement  A/^  of  the 
domain  wall  motion  should  be  also  equal  to  zero  at 
the  same  time  according  to  eqs.  ( I )  and  (S).  In  the 
present  analysis,  we  only  discuss  the  situation  at  room 
temperature.  For  Pb(Zr,iMiTi(i.]o)03  samples,  using 
the  values  /’,=s0.6  C/m*,  A=3xl0~*  m,  and 
Acj^a:  1 167,  one  has 

y;o=  1.158x10'^  kg/s*  m*,  (6) 

where  A(33  is  the  value  of  the  dielectric  constant  only 
arising  from  90"  domain  wall  motion.  As  we  know, 
it  is  believed  that  the  electromcchaiiical  properties  in 
ferroelectric  polycrystallinc  materials  are  caused  not 
only  by  the  ionic  displacement  (the  intrinsic  elTcct) 
in  connection  with  the  change  of  the  polarization 
magnitude,  but  also  by  the  movements  of  domain 
walls  (the  extrinsic  contribution).  Experimental 
studies  on  materials  such  as  DaTiOj  and  PZT  have 
shown  that  as  much  as  43-70%  of  dielectric  constant 
and  piezoelectric  moduli  values  may  originate  from 
the  extrinsic  contributions  at  room  lempcraturc  ( 1 3- 
16],  Here,  we  approximately  estimate  AC33  as  the  two 
third  of  the  measured  value  (<33=  1 760)  for  the  ex¬ 
trinsic  dielectric  constant  Acyy  in  a  Pb(Zro.3o'nu.so)03 
ceramic.  The  average  width  of  domains  can  be  de¬ 


termined  experimentally  [16,17],  The  relationship 
between  the  displacement  AS  of  the  entire  ceramic 
sample  and  the  displacement  A/  of  an  individual  do¬ 
main  boundary  can  be  approximately  expressed  as 

A<5=A/[(c-fl)/c]n,ff.  (7) 

where  AJ  is  the  domain-induced  displacement  of  the 
entire  sample  under  an  applied  electric  field,  A/90  is 
the  displacement  of  an  individual  domain  boundary, 
and  n,ir  is  the  effective  number  of  domain  walls  cross 
a  specific  direction  for  the  ceramic  sample.  Here  we 
have  introduced  a  new  concept  of  the  effective  num¬ 
ber  of  domain  walls  in  a  ccramie  sample  which  re¬ 
flects  the  magnitude  of  domain  wall  density  in  ce¬ 
ramics.  It  should  be  emphasized  that  the  domain 
width  L  and  the  effective  number  ittn  of  domain 
boundaries  arc  correlated  to  each  other  because  the 
thickness  of  the  sample  is  fixed  as  shown  in  fig.  2.  In 
an  ideal  case,  the  thickness,  D,  of  a  ceramic  sample 
is  equal  to  the  sum  of  the  width,  L,  of  domains  within 
the  sample  as  illustrated  in  fig.  2a.  Taking  D=2  mm 
and  f.sO.3  pm.  the  number  of  domain  boundaries 
having  45"  angle  with  the  direction  of  the  applied 
field  is  about  6600  in  this  ideal  case  (see  fig.  2a).  In 
reality,  there  always  exists  a  conical  distribution  of 
remnant  polarization  in  grains  with  respect  to  a  poled 
ceramic  (see  fig.  2b),  the  number  of  domain  bound¬ 
aries  possessing  45"  angle  with  the  direction  of  the 
applied  field  (or  the  poling  direction)  should  be 
much  less  than  that  in  the  ideal  case.  Meanwhile,  it 
should  also  be  realized  that  only  some  types  of  ori¬ 
ented  domain  wails  can  contribute  to  the  piezoelec¬ 
tric  coefficient  djy  In  other  words,  for  instance,  if 
the  direction  of  the  domain  wall  boundary  is  per¬ 
pendicular  to  the  direction  of  the  applied  field,  the 
movement  of  this  type  90^  domain  wall  does  not  have 
any  contribution  to  the  piezoelectric  effect  as  shown 
in  fig.  3a.  Therefore,  in  order  to  consider  and  deal 
with  the  real  situation,  we  should  introduce  and  uti¬ 
lize  the  effective  number  of  domain  boundaries  for 
quantitative  evaluation  of  the  piezoelectric  coeffi¬ 
cient  djj.  In  addition,  from  eqs.  (4)-(7)  it  can  be 
clearly  found  that  the  domain  width  L  (or  iitn,  ef¬ 
fective  number  of  domain  walls)  is  an  important 
factor  for  the  dynamic  behavior  of  domain  wall  mo¬ 
tions.  We  will  discuss  this  in  detail  later.  Following, 
we  define  the  effective  number  of  domain  bounda¬ 
ries  as  55%  of  the  total  number  of  domain  bound- 
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Fig.  2.  (a)  (tiudralkm  of  (he  simple  relationship  between  the 
thickness  J7  of  a  sample  and  the  width  L  of  the  domain  in  an  ideal 
ease,  and  (b)  illustration  of  the  simple  relationship  between  the 
thickness  of  a  sample  and  the  width  of  (he  donuiin  in  a  real  poled 
ceramie. 


arics  in  an  ideal  case  wiili  respect  to  a  well  poled  ce¬ 
ramic  sample  (/’,=0.856x/o)-  Using Po=0.6 C/m^ 
LsO.3  pm,  Ac33sM66,  /Icits3600,  and  the  thick- 
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rig.  3.  The  displaceable  91/’  domain  wall  boundaries  with  the  dif¬ 
ferent  directions  related  to  the  direction  of  tlie  applied  electric 
Field,  (a)  When  the  angle  between  (he  direction  of  the  dotnaiii 
wall  boundary  and  the  direction  of  the  applied  Field  is  90*’.  the 
movement  of  the  9(/’  domain  wall  does  not  cause  any  contribu¬ 
tion  to  the  piezoelectric  cITcct.  (b)  When  (lie  angle  between  (he 
direction  of  the  domain  wall  boundary  and  the  direction  of  the 
applied  Field  is  45°,  the  movement  of  the  90°  domain  wall  has  a 
nwximum  contribution  to  the  piezoelectric  elTect  of  the  ceramic 
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ness  of  the  sample  D=2  mm,  we  can  quantitatively 
evaluate  both  A/^  and  Ar/33  from  eq.  ( I ).  The  cal¬ 
culated  value  of  the  displacement  A/  of  a  single  do¬ 
main  boundary,  and  the  calculated  value  of  the  dis¬ 
placement  AJ  for  the  entire  sample  as  well  as  both 
calculated  and  measured  piezoelectric  constants,  Ar/33 
and  Ar/;3,  arc  listed  in  table  I.  All  quantities  marked 
with  an  asterisk  arc  experimentally  measured  values. 
Table  2  lists  the  relevant  experimental  measurement 
data.  The  total  displacement  5/*  of  the  ceramic  sam¬ 
ple  under  a  field  was  measured  by  an  optical  inter¬ 
ferometer  [15,16]  as  shown  in  fig.  4.  In  table  2,  we 
also  take  the  two  third  value  of  the  displacement  5/* 
of  the  entire  sample  as  the  extrinsic  contribution  of 
AJ*  in  both  calculating  domain  contribution  to  pie¬ 
zoelectric  effect  A</33  and  calculating  the  displace¬ 
ment  A/*  of  a  single  domain  boundary  in  order  to 
compare  those  quantities  which  are  calculated  the¬ 
oretically  from  eqs.  (I)-(7)  because  of  the  influ¬ 
ence  of  intrinsic  contribution. 


3.  Results  and  discus.sinn 

From  tables  1  and  2,  it  can  be  found  that  under  a 
moderate  field  the  calculated  value  A/  (0.254 x  10"'® 
m)  of  the  displacement  of  a  single  domain  boundary 
is  very  close  to  the  experimental  value  A/* 
(0.297 X  10-'®  m). 

In  table  I,  the  measured  value  of  Ar/Js  is  taken  .is 
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Fig.  4.  Piezoeteclric  coctTicicnls  </]>  as  a  runclion  of  the  applied 
ac  electric  field. 


the  two  third  value  of  the  real  measured  value  of 
(ix385xlO"'^  m/V)  because  the  intrinsic 
contribution  should  also  be  considered  in  the  eval¬ 
uation  process  as  mentioned  before. 

In  table  2,  5/*  is  a  real  measured  displacement  of 
the  sample  under  an  ac  field.  It  is  worth  mentioning 
here  that  the  domain  width  L  or  tUn  (effective  num¬ 
ber  of  domain  walls)  arc  strongly  affected  by  the  grain 
size.  It  was  reported  that  some  ferroelectric  ceramics 
with  fine  grain  size  possess  very  large  piezoelectric 
constants  [5-7].  The  reason  for  this  situation  could 
be  explained  from  the  fact  that  the  domain  width  in 
this  case  is  small  so  that  the  density  of  domain  walls 
liccomes  very  large  (or  saying  /leir  is  very  large). 
Clearly,  regardless  of  the  mobility  of  domain  wall 
motion,  from  eq.  (7),  the  larger  the  nep,  the  larger 


Table  t 

Calculated  values  of  the  piezoeirciric  constant  Adjj  and  related  displacements  in  both  the  sample  and  an  individual  domain  boundary 


Calculated 

Calculated 

Calculated 

Measured 

displacement  of  sample 

displacement  ofDB 

piezoelectric  coefficient 

piezoelectric  coefficient 

Ad(m) 

A/  (m) 

Ad„(m/V) 

AdJj  (m/V) 

21.94x10-'® 

0.254X10-'® 

219.4x10-'^ 

256.8X10-'* 

Table  2 

Measured  values  of  dj,  from  a  vibrational  piezoelectric  plate  as  well  as  the  measured  displacements  in  both  the  sample  and  an  individual 
domain  boundary 


Electric  field 
E(V/cm) 

Piezoelectric  coefficient 
dh(i^dh)(m/V) 

Displacement  of  sample 
W(jAJ*)(m) 

Displacement  ofDB 

A/*(m) 

50 

385X10-'* 

38.5x10-'® 

0.297x10-'® 

210 

392x10-'* 

164.7x10-'® 

1.27  XIO-'® 

305 

407x10-'* 

248.3X10-'® 

1.915x10-'® 
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the  coiUribulion  to  AJj,.  In  reality,  due  to  ilie  stress 
constraint  in  ceramic  samples,  usually  the  domain 
width  (or  may  change  as  the  grain  size  changes. 
This  is  one  of  the  reasons  that  ferroelectric  poly¬ 
crystalline  materials  with  different  grain  size  exhibit 
different  features  in  the  dielectric  (or  piezoelectric) 
dispersions  and  possess  different  dielectric  and  pie¬ 
zoelectric  properties. 

Lastly,  a  special  comment  should  lie  made  here  on 
the  mcasuicd  piezoelectric  effect  of  table  2.  Inter¬ 
estingly,  from  table  2,  it  can  be  found  that  when  the 
displacements  of  the  domain  boundaiy  approach  or 
exceed  the  order  of  10"*  cm,  an  appreciable  nonlin¬ 
ear  cflect  occurs.  In  the  light  of  the  simple  models 
[1,2,8,18]  of  domain  wall  motion,  these  data  seem 
to  implicitly  suggest  that  the  onset  of  nonlinear  vi¬ 
bration  of  the  domain  wall  should  be  related  to  the 
nature  of  the  anharmonic  motion  of  ions  in  the  wall 
boundary  with  respect  to  their  double  well  poten¬ 
tials,  which  yields  a  very  consistent  picture  for  do¬ 
main  wall  motion  contributing  to  the  electrome¬ 
chanical  properties  in  ferroelectric  ceramics.  In 
summary,  the  piezoelectric  constant  da  in  a  PZT  ce¬ 
ramic  has  been  evaluated  based  on  the  simple  model 
of  domain  wall  motions.  The  obtained  results  of  the 
quantitative  evaluation  are  in  very  reasonable  agree¬ 
ment  with  the  experimental  data. 
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Das('i)  on  the  direct  piezoelectric  effect  and  signal  com)>arison  method,  a  quasi-static,  high  sensitivity,  phase  sen¬ 
sitive  ^3.1  meter  has  been  develo|)ed.  The  system  is  capable  of  measuring  the  complex  piezoelectric  da  ct.iistant 
down  to  about  1  pC/N  and  has  a  phase  resolution  of  ±0.05®.  The  advantage  of  this  apparatus  is  that  its  operation 
is  almost  as  easy  as  that  of  the  commercial  Berlincourt  dja  meter,  hence,  it  is  suitable  for  everyday  routine  usage. 
KEYWORDS:  piezoelectricity,  instrumentation,  complex  materials 


Reflecting  the  iiiiperfect  energy  conversion  between 
mechanical  form  and  electrical  form,  piezoelectric 
coefficients  of  most  ferroelectric  materials  contain 
noticeable  loss  part.  That  is,  similar  to  dielectric  con¬ 
stant  and  elastic  compliance  piezoelectric  coefficients 
are  complex  quantities.*’  In  designing  piezoelectric 
devices  and  understanding  the  basic  mechanism  of  the 
material  response  towards  external  fields,  the  knowl¬ 
edge  of  the  imaginary  part  of  piezoelectric  constants  is 
often  required.  In  the  past  several  decades,  a  great  deal 
of  efforts  has  been  devoted  to  the  development  of  tech- 
niriucs  to  measure  the  complex  piezoelectric  constants 
of  a  material  either  directly  or  indirectly. 

For  a  piezoelectric  material,  the  constitutive  equa¬ 
tions  are:’” 

Dm  EninDn  (la) 

Si=AijTj  +  dmE„  (lb) 

where  stress  1)  and  electric  field  E„  are  taken  as  the  in¬ 
dependent  variables,  and  Siy  are  dielectric  permittiv¬ 
ity  and  elastic  compliance  of  the  material.  The  piezoe¬ 
lectric  strain  coefficient  dmj  of  the  material,  therefore, 
can  be  acquired  through  the  direct  piezoelectric  effect 
(eq.  (la)),  as  well  as  the  converse  piezoelectric  effect 
(eq.  (lb)).  In  the  direct  effect,  induced  charges  which  is 
proportional  to  the  electric  displacement  Dm  are  meas¬ 
ured  when  a  stress  is  applied  on  a  sample,^’  while  in  the 
converse  piezoelectric  effect,  the  strain  St  induced  in 
the  sample  by  an  external  electric  field  En  is  measured. 
Piezoelectric  d  coefficient  can  also  bo  obtained  by  the 
resonance  technique  which  involves  both  the  direct  and 
converse  piezoelectric  effects.®’  Although  each  appara¬ 
tus  or  technique  developed  has  their  merit  of  charac¬ 
terizing  complex  piezoelectric  constants,  there  exist 
limitations  such  as  the  stiffness  and  the  meclianical  loss 
of  the  material  to  be  measured.  For  instance,  some  ap¬ 
paratus  can  only  be  used  to  measure  polymeric  speci¬ 
mens  since  a  large  strain  of  the  material  is  required.*’ 
For  samples  with  high  loss,  the  resonance  method  may 
not  be  able  to  provide  accurate  measurement  and  in 
principle,  it  is  not  suitable  for  the  high  loss  materials 
due  to  the  restriction  of  irreversible  thermodynamic 
process.  Above  all,  these  techniques  and  apparatus  de¬ 
veloped  are  not  very  handy.  Their  operations  are  com¬ 
plicated  and  usually,  special  preparation  of  samples 
and  sample  mounting  are  needed. 


When  piezoelectric  coefficients  of  a  material  are  com¬ 
plex,  the  response  process  of  the  material  is  not  a  ther¬ 
modynamically  reversible  process.  In  this  case,  there 
will  bo  a  question  as  to  whether  the  thcrniodyiiainic  re¬ 
lations  of  eqs.  (la)  and  (lb)  derived  from  the  reversible 
process  are  still  held,  specifically,  whether  the  complex 
piezoelectric  constants  measured  through  the  direct 
piezoelectric  effect  and  through  the  converse  piezoelec¬ 
tric  effect  will  be  equal.  When  the  loss  is  high,  it  is  ex¬ 
pected  that  the  relationships  derived  from  the  reversi¬ 
ble  thermodynamics  will  no  longer  be  valid.  However, 
when  the  loss  is  low,  it  has  been  shown,  through  the  ir¬ 
reversible  thermodynamics,  that  the  relations  in  eqs. 
(la)  and  (lb)  are  still  valid  for  a  single  phase  material.®’ 
For  materials  consisting  of  multi-phases,  such  as 
piezoelectric  composite  materials  and  polymeric  piezoe¬ 
lectric  materials,  the  situation  is  more  complicated  and 
there  seems  no  universal  answer  to  the  question  raised 
above. 

In  this  paper,  we  will  report  an  instrument  developed 
recently  of  characterizing  complex  piezoelectric  dn  con¬ 
stant  of  a  piezoelectric  material  through  the  direct 
piezoelectric  effer ; .  The  system  can  measure  piezoelec¬ 
tric  materials  with  dss  value  of  1  pC/N,  and  the  phase 
angle  of  0.05®.  The  operation  of  the  system  is  easy  and 
no  special  requirement  is  needed  for  sample  geometry 
compared  with  the  other  techniques.  Several  piezoelec¬ 
tric  materials  such  as  PZT  ceramics  and  PVDF 
copolymer  were  tested  by  the  system.  The  results  are 
compared  with  those  measured  through  the  converse 
effect  by  using  an  ultra-dilatoineter  also  developed  in 
this  laboratory  in  the  past.*’  The  two  systems,  there¬ 
fore,  provide  a  comlete  characterization  of  the  piezoe¬ 
lectric  response  in  complex  materials  and  the  constitu¬ 
tive  relations  in  these  materials. 

The  complex  piezoelectric  strain  coefficient  is 
defined  as 

d*=|d|e-^ 

^d’-jd’  (2) 

Where  j=  V— 1,  d  and  9  (=tan"’  |d*/d'  I)  are  the  ampli¬ 
tude  and  the  phase  angle  of  the  d*  coefficient,  respec¬ 
tively.  Hence,  in  order  to  characterize  the  complex 
piezoelectric  d*  coefficient,  both  amplitude  and  phase 
angle  need  to  be  determined.  Figure  1  is  the  schematic 
drawing  of  the  apparatus.  The  system  consists  of  a 
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PiR.  I.  Scliciiiitlii.'  drawing  of  the  high  sensitivity,  phase  sensitive 
ill,  lln•l•l■r. 


force  gener.ttor,  a  charge  to  voltage  converter  (EG&G 
PARC  Motlcl  181  current  sensitive  preamplifier),  and  a 
phase  .sensitive  deteirtor  (EG&G  PARC  5208  lock-in 
Amplifier).  The  force  generator  is  that  from  a  commer¬ 
cial  Bcrlincourt  piezo  dn  meter  (Chaimel  Products, 
Model  CPDT  3300),  which  has  a  force  level  of  about 
0.5  Newton.  However,  it  is  not  difficult  to  build  a  force 
generator  for  the  application  here.  A  function  genera¬ 
tor  is  used  to  drive  the  coil  of  the  force  generator  and 
this  driving  signal  is  also  fed  to  the  lock-in  amplifier  for 
the  reference  signal.  The  charge  to  voltage  converter 
has  a  sensitivity  in  the  range  from  10“*  A/V  to  10~^  A/ 
V.  For  the  sample  tested,  the  sensitivity  used  was  from 
10“^  A/V  to  10"*  A/V,  which  yielded  a  output  voltage 
from  mV  to  hundreds  of  mV  fur  the  samples  character¬ 
ized  The  basic  operation  principle  of  this  apparatus  is 
similar  to  that  of  the  original  Berlincourt  djz  meter. 
The  charge  output  from  a  sample  to  be  measured  is 
compared  to  that  of  a  standard  and  through  the  ratio, 
the  piezoelectric  constant  of  the  sample  is  determined. 
To  measure  complex  dn  coefficient,  both  phase  angle 
and  amplitude  of  the  standard  should  be  known.  In  our 
experiment,  the  piezoelectric  constant  du  of  a  x-cut 
quartz  crystal  was  chosen  as  the  standard.  Because 
quartz  crystal  has  very  high  mechanical  Q  value,  the 
piezoelectric  loss  of  quartz  crystal  is  negligibly  small 
and  within  the  phase  resolution  of  this  apparatus  (0.05^ 
in  phase  angle  resolution  for  the  lock-in  amplifier  used), 
the  phase  angle  of  quartz  can  be  practically  taken  as 
zero. 

A  typical  measurement  procedure  is  as  the  following. 
The  quartz  crystal  was  inserted  into  the  probe  head  of 
the  force  generator  and  induced  charges  were  meas¬ 
ured  with  respect  to  that  of  the  built-in  standard  PZT 
(in  the  original  Berlincourt  dsa  meter),  and  both  the  am¬ 
plitudes  and  phase  angles  were  recorded  by  the  lock-in 
amplifier  for  the  quartz  ( Vq  and  9^  and  the  built-in  stan¬ 
dard  PZT  (Vbi  and  Am)-  Then  by  replacing  the  quartz 
with  a  sample  to  be  measured,  the  charges  induced  on 
the  sample  and  the  built-in  PZT  were  measured,  and 
the  amplitudes  and  the  phase  angles  were  recorded  ( VV 
and  9r  for  the  sample,  and  Vu  and  Ota  for  the  built-in 


PZT).  Cuiiilhiiiiig  two  sets  of  data  from  the  two  mea¬ 
surements,  both  the  phase  0  and  amplitude  d  »  of  the 
sample  can  be  determined 


and 


033  ,  O  n 


VwV, 


0  —  6t~  db2  ■1'  0bl  ~  0q  (3) 

As  is  clear  from  the  above  description,  a  commercial 
Berlincourt  das  meter  can  be  readily  converted  to  a 
phase  sensitive  dss  meter  and  the  apparatus  is  quite  con¬ 
venient  for  routine  operation. 

To  determine  the  sign  of  the  djs  constant  of  a  speci¬ 
men,  the  poling  direction  of  the  sample  needs  to  be 
known.  In  addition,  the  orientation  of  the  x-cut  quartz 
also  needs  to  l>e  determined.  By  comparing  the  phase 
angles  of  the  sample  and  the  quartz,  the  sign  of  djs  of 
the  specimen  can  be  easily  determined. 

In  the  testing  process  of  this  apparatus,  no  system¬ 
atic  change  in  both  the  amplitude  and  phase  was  found 
when  a  sample  in  the  test  jyort  was  reversed  (the  origi¬ 
nal  up-face  now  is  down)  except  a  180°  phase  angle 
change  which  was  expected.  The  variation  in  the  phase 
angle  and  amplitude  when  a  sample  was  reversed  was 
within  the  range  of  data  scatter’  which  would  also  oc¬ 
cur  when  the  measurement  was  repeated.  The  typical 
data  scattering  for  the  phase  angle  is  ±0.05°  and  for 
the  amplitude,  is  less  than  2%.  Similarly,  when  the 
quartz  crystal  was  reversed  rn  the  test  port,  within  the 
data  scattering,  the  results  did  not  change  except  180° 
phase  change.  These  are  clear  indications  that  there  is 
no  systematically  spurious  signal  in  the  measurement. 
To  further  confirm  this,  we  also  tested  samples  having 
no  piezoelectricity  and  found  that  the  reading  in  the 
lock-in  amplifier  did  not  change  for  these  samples  with 
and  without  stress  within  the  noise  level.  This  noise 
level  is  much  smaller  than  the  signal  from  the  x-cut 
quartz  crystal.  The  quartz  crystal  used  in  the  test  has  a 
dll  constant  of  2.35  pC/N,  which  was  determined  using 
the  ultra-dilatometer.^*  Therefore,  we  can  conclude 
that  this  apparatus  is  capable  of  measuring  piezoelec¬ 
tric  dsj  constant  at  least  down  to  1  pC/N. 

Listed  in  Table  I  are  the  results  from  the  measure¬ 
ment  of  several  doped  lead  zirconia-titanate  (PZT)  ce¬ 
ramic  samples  and  PVDF-TrFE  copolymer  samples. 
All  the  samples  were  purchased  from  commercial 
sources.  PZT  samples  were  from  the  Piezo-Kinetics 


Table  I.  Complex  piezoelectric  du  constant  of  some  typical  piezoe¬ 
lectric  materials. 


Specimen 

d„(pC/N) 

9 

9'* 

PZT5H* 

590 

0.9 

1.1 

Hard  PZT* 

253 

0.3 

0.4 

(PZT-400) 

PVDF-TrFE 

-30.7 

1.15 

1.2 

a.  PZT-5II  is  the  trade  mark  of  Morgon  Matroc  Inc.,  Vernitron  Div. 
for  its  PZT  and  PZT-400  is  that  of  Piezo-kinetics  Inc. 

b.  9'  is  the  phase  angle  measured  from  the  converse  piezoelectric 
effect  using  a  laser  dilatometer.^ 
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luc.  and  Moigon  Matroc  luc.  Vernitro  Div.  and  tlie 
PVDF-TrFE  (75-25)  samples  were  from  the  Atucheiii 
North  Amcrira  Inc.  The  typical  dimensions  for  the  sam¬ 
ples  tcsteil  were  1  or  2  mm  in  thickness  and  5x5  nun* 
in  area.  Both  surfaces  of  the  PZT  ceramic  samples  and 
quartz  crystals  were  clectroded  hy  gokl-sputtering  For 
PVDF-TrFE  samples,  the  electrodes  were  silver  paint 
and  they  were  made  from  the  manufacturer.  Samples 
with  different  dimensions  were  also  tested  and  it  is 
found  that  ihe  sample  size  is  not  very  critical  to  the 
measurement  as  long  as  a  sample  is  not  very  thin  (no 
flexure  mode  will  be  excited)  and  sample  area  is  not 
small  compared  with  that  of  the  probe  head  of  the  test 
port  which  applies  force  on  the  sample.  The  operation 
freijucncy  range  of  this  instrument  is  from  50  Hz  to 
200  Hz.  Tlu'  frequency  limitation  is  due  to  the  exis¬ 
tence  of  mechanical  resonances  in  the  force  generator 
and  apparently,  the  influence  of  the  mechanical 
resonance  on  tlie  phase  measurement  is  more  severe 
than  on  the  amplitude.  In  this  frequency  range,  the 
complex  d33  coellicieuts  for  the  samples  measured 
shows  no  changes  within  the  data  scatters  in  both  the 
amplitude  and  phase  angle. 

For  the  comparison,  the  phase  angles  of  these  same 
specimens  were  also  measured  by  the  ultra-dilatome- 
ter,  which  also  possesses  a  phase  resolution  of  ±0.05“ 
but  is  far  more  complicated  in  operation.  The  results 
are  also  presented  in  Table  I.  Although  the  phase  angle 
measured  from  the  two  piezoelectric  effects  are  almost 
equal  (within  tlie  data  scattering),  there  is  a  systematic 
trend  in  the  difference  between  the  two  sets  of  data  and 
the  phase  angles  measured  from  the  converse  piezoelec¬ 
tric  effect  seem  to  be  a  little  bit  larger  than  those  from 
the  direct  piezoelectric  effect.  The  implication  of  the 
result  is  beyond  the  scope  of  this  paper  and  they  will  be 
addressed  in  the  future. 


In  summary,  based  on  the  direct  piezoelectric  effect 
and  signal  coiiDarisoii  method,  a  high  sensitivity, 
phase  sensitive  1/33  meter  has  been  developed  which  is 
capable  of  measuring  complex  piezoelectric  c/33  con 
stant  down  to  about  1  jiC/N  and  has  a  phase  resolution 
of  ±0.05°.  The  great  advantage  of  this  apparatus  is 
that  the  operation  of  this  apparatus  is  almost  as  easy  as 
that  of  the  commercial  Berlincourt  tfjo  meter,  hence,  it 
is  quite  suitable  for  everyday  routine  usage.  Since  the 
set-up  is  modified  from  a  commercial  Berlincourt 
meter,  it  is  needed  to  measure  the  signals  from  the  stan¬ 
dard  (quartz)  and  from  the  test  sample  separately.  In 
principle,  the  built-in  PZT  in  the  Berlincourt  dzz  meter 
can  be  replaced  by  the  quartz  standard  and  the  meas¬ 
urement  procedure  can  be  further  sim])lified.  To  fur¬ 
ther  facilitate  the  measurement,  the  quartz  standard 
can  also  be  replaced  by  another  single  domain  ferroelec¬ 
tric  crystal  as  the  standard,  which  h£is  a  higher  piezoe¬ 
lectric  constant  while  negligible  piezoelectric  loss.  For 
example,  LiNbOs  single  crystal  has  adas  constant  about 
two  and  a  half  times  larger  than  that  of  x-cut  quartz 
and  its  jnezoelectric  loss  is  also  very  low. 

The  authors  wish  to  thank  Mr.  P.  Moses  for  many 
helps  and  suggestions  concerning  this  project.  This 
work  was  supported  by  the  Office  of  Naval  Research. 
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[57]  ABSTRACT 

The  metal-ceramic  actuator  includes  an  electroactive 
substrate  having  at  least  a  pair  of  opposed  planar  sur¬ 
faces  and  a  determined  thickness,  with  the  ceramic 
substrate  being  poled  in  its  thickness  dimension.  Con¬ 
ductive  electrodes  sandwich  the  ceramic  substrate  and 
are  bonded  to  iu  planar  surfaces.  Metal  caps,  each  hav  ■ 
ing  a  concave  cavity  bounded  by  a  rim,  are  bonded  to 
both  planar  surfaces  of  the  ceramic  substrate.  A  poten¬ 
tial  is  applied  to  the  conductive  electrodes  to  cause  an 
expansion  of  the  ceramic  substrate  in  its  thickness  di¬ 
mension  and  a  concomitant  contraction  in  its  planar 
dimensions.  The  contraction  creates  a  flexure  of  the 
metal  caps,  which  flexures  are  used  to  actuate  another 
instrumentality. 
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FIELD  OF  THE  INVENTION 


2 

is  no  indication  in  U.S.  Pat.  No.  4,999,819  of  the  applica¬ 
tion  or  use  of  the  aforedescribed  structure  for  actuation 
purposes. 

Accordingly,  it  is  an  object  of  this  invention  to  pro¬ 
vide  an  improved  electroactive,  meul-ceramic  actua¬ 
tor. 

It  is  another  object  of  this  invention  to  provide  a 
metal-ceramic  actuator  which  exhibits  substantially 
improved  actuation  distances. 

It  is  another  object  of  this  invention  to  provide  a 
metal-ceramic  electroactive  actuator  of  inexpensive 
design. 


This  invention  relates  to  electroactive  ceramic  de¬ 
vices  (piezoelectric,  electrostrictive,  etc.)  and,  more 
particularly,  to  a  metal-ceramic  electroactive  actuator 
exhibiting  large  positional  displacements. 

BACKGROUND  OF  THE  INVENTION 

In  recent  years,  piezoelectric,  and  electrostrictive 
ceramics  have  been  used  as  displacement  transducers, 
precision  micropositioners,  and  for  other  actuator  appli¬ 
cations.  An  important  drawback  to  such  devices,  how¬ 
ever.  is  the  fact  that  the  magnitude  of  strain  in  such 
ceramics  is  limited  to  approximately  0.1%.  Magnifica- 
lion  mechanisms  have,  therefore,  been  developed  to 
produce  sizeable  displacements  at  low  voluges.  The 
two  most  common  t>pes  of  electroactive  ceramic  actua¬ 
tors  are  the  multi-layer  ceramic  actuator  with  internal 
electrodes,  and  the  cantilevered  bimorph  actuator. 

A  bimorph-type  actuator  will  execute  a  large  bending 


SUMMARY  OF  THE  INVENTION 

The  metal-ceramic  actuator  includes  an  electroactive 
substrate  having  at  least  a  pair  of  opposed  planar  sur¬ 
faces  and  a  determined  thickness,  with  the  ceramic 
substrate  being  poled  in  its  thickness  dimension.  Con¬ 
ductive  electrodes  sandwich  the  ceramic  substrate  and 
are  bonded  to  its  planar  surfaces.  Metal  caps,  each  hav¬ 
ing  a  concave  cavity  bounded  by  a  rim.  are  bonded  to 
both  planar  surfaces  of  the  ceramic  substrate.  A  poten¬ 
tial  is  applied  to  the  conductive  electrodes  to  cause  an 
expansion  of  the  ceramic  substrate  in  its  thickness  di¬ 
mension  and  a  concomitant  contraction  in  its  planar 
dimensions.  The  contraction  creates  a  flexure  of  the 
meul  caps,  which  flexures  are  used  to  actuate  another 
instrumentality. 

DESCRIPTION  OF  THE  DRAWINGS 


or  “wagging"  motion  with  the  application  of  an  AC  or 
DC  fleld.  Although  such  actuators  exhibit  large  dis¬ 
placements  (generally  on  the  order  of  several  hundred 
microns),  their  generative  force  and  response  speeds  are 
not  hi^.  Multilayer-actuators  exhibit  significantly 
larger  generative  forces,  although  their  displacement 
values  are  limited.  For  instance,  a  fifteen  millimeter 
multilayer  stack  provides  a  displacement  of  approxi¬ 
mately  10  microns.  Such  a  stack  characteristically  com¬ 
prises  a  lead  titanate-Iead  zirconate  (PZT)  ceramic  or  a 
lead  titanate-doped  lead  magnesium  niobate  (PMN-PT) 
type  ceramic,  having  a  hundred  volts  of  DC  applied. 
There  b  a  need  for  an  electroactive  ceramic  actuator  to 
provide  sizeable  dbplacements  with  sufficient  force  to 
carry  out  actuator  applications. 

In  U.S.  Pat.  No.  4,999,819  the  inventors  hereof  previ¬ 
ously  described  an  acoustic  transducer,  of  sandwich 
construction,  that  was  particularly  useful  for  the  trans¬ 
formation  of  hydrosutic  pressures  to  electrical  signals. 
A  pair  of  metal  plates  were  poailioiied  to  sandwich  a 
piezoelectric  element,  with  each  plate  having  a  cavity 
formed  adjacent  to  the  piezoelectric  element  The  plates 
were  bonded  to  the  ptezoelectric  element  to  provide  a 


FIG.  1  b  a  tide  sectional  view  of  an  actuator  embody¬ 
ing  the  invention; 

FIG.  2  b  a  plan  view  of  the  actuator  of  FIG.  1; 

FIG.  3  b  a  chart  showing  plots  of  displacement  ver¬ 
sus  voluge  for  ceramic  actuators  constructed  in  accor¬ 
dance  with  prior  art  and  actuators  constructed  in  accor¬ 
dance  with  the  invention; 

FIG.  4  b  an  actuator  tlut  employs  a  plurality  of  the 
actuators  shown  in  FIG.  1; 

FIG.  5  b  a  sectional  view  of  an  actuator  embodying 
the  invention,  which  actuator  employs  segmented  ce¬ 
ramic  electroactive  slabs  with  interspersed  electrodes; 

FIG.  4  b  another  actuator  embodiment  constructed 
in  accordance  with  the  invention. 

FIG.  7  b  a  plan  view  of  the  actuator  of  FIG.  6. 

FIG.  9  show  the  djj  coefficient  and  resonant  fre¬ 
quency  plotted  as  a  function  of  cap  thickness. 

FIG.  9  shows  the  positional  dependence  of  the  djj 
coefficient  for  two  actuators  with  cap  thicknesses  of  0  4 

mm  afirf  0.3  OUD. 

FIG.  10  shows  a  plot  of  maximum  diqilacement  as  a 
functkNi  of  c^  thickiiess. 


unitary  structure.  The  cavities  provided  a  stress-trans¬ 
forming  capability  which  ampl^ied  an  inooming  com¬ 
pressive  stress  and  converted  it  to  a  radial  extensional 
stren  in  the  ceramic.  The  oeramic  was  generally  poled 
in  the  thicknets  dimension  and  exhibited  du,  dji  and 
6j2  piezoelectric  coefficients. 

As  b  known  to  those  skilled  in  the  art,  the  dtt  coefTi- 
cient  lies  in  the  plane  of  a  ceramic't  poling,  whereas  the 
d}i  and  d)2  codificients  describe  the  action  of  the  ce¬ 
ramic  in  a  plane  that  b  orthogonal  to  the  direction  of 
poling.  In  the  transducer  shown  in  the  ’819  patent,  the 
cavities  transform  most  of  an  incoming  stress  in  the  dtt 
direction  to  the  dji  and  daj  directions  in  the  piezoelec¬ 
tric  slab.  By  monitoring  the  voltage  generated  across 
the  slab,  the  resnlting  pressnie  wave  was  sensed.  There 


DETAILED  DESCRIPTION  OF  THE 
INVENTION 

Referring  to  FIGS.  1  and  2,  actuator  10  includes  a 
piezoelectric  or  electrostrictive  ceramic  disk  12,  having 
conductive  electrodes  14  and  16  bonded  to  its  nuyor 
surfaces.  A  pair  of  conductive  metal  end  caps  II  and  20 
are  bonded  to  conductive  electrodes  14  and  16,  respec¬ 
tively.  Each  end  cap  b  provided  with  a  small  lip  21  that 
extends  over  the  entb  disk  12.  In  FIG.  2,  a  plan  view 
b  shown  of  the  actuator  structure. 

If  ceramic  disk  12  b  a  piezoelectric  material,  it  b 
poled,  during  manufacture,  in  the  directions  indicated 
by  arrows  22.  If  ceramic  disk  12  exhibiu  electrostrictive 
effects,  then  it  need  not  be  poled. 
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End  caps  II  and  30  are  provided  with  cavities  24  and 
26  respectively,  so  that  only  the  rims  that  surround  the 
cavities  are  bonded  to  ceramic  disk  12  and  make  con¬ 
nection  to  conductors  14  and  16.  A  pair  of  terminals  21 
and  30  are  connected  to  end  caps  IS  and  20.  tespec-  S 
tively,  and  provide  input  conductors  for  enabling  oper¬ 
ation  of  actuator  10. 

When  a  potential  is  applied  across  terminals  28  and 
30,  ceramic  disk  12  expands  in  the  z  dimension  (d}]).  At 
the  same  time,  it  contracts  in  the  x  and  y  dimensions  and  10 
(djz  and  dji),  causing  end  caps  18  and  20  to  bow  out¬ 
wardly,  as  shown  by  dotted  lines  32  and  34,  respec¬ 
tively.  The  bowing  action  amplifies  the  actuation  dis¬ 
tances  created  by  the  contraction  of  ceramic  disk  12, 
and  enables  the  use  of  the  structure  as  an  actuator.  IS 
The  stress  transformation  created  by  the  configura¬ 
tion  shown  in  FIG.  1  substantially  magnifies  the  motion 
of  ceramic  disk  12's  z  direction  motion.  The  displace¬ 
ment  of  each  end  cap  is  10  times  larger  than  that  of  the 
ceramic  disk  alone  and  exerts  a  large  generative  force.  20 
The  specific  values  of  the  displacement  and  generative 
force  depend  on  the  actuator's  design,  the  diameters  of 
cavities  24  and  26,  the  depth  of  the  cavities,  the  thick¬ 
ness  and  material  of  end  caps  18  and  20,  and  the  thick¬ 
ness  of  ceramic  disk  12.  25 

Piezoelectric  actuator  materials  that  are  used  with  the 
structures  shown  and  described  herein  are  based  pri¬ 
marily  on  the  lead  zirconate  titanate  (PZT)  family  in¬ 
cluding  PLZT((PbLaXZr,Ti)0]).  Electrostrictive  ce¬ 
ramic  disks  utilize  lead  magnesium  niobate  (PMN)-  30 
based  ceramics.  Lead  titanate-modified  PMN  (PMN- 
PT)  is  preferred. 

Various  compositional  modifications  may  also  be 
made  in  the  aforesaid  materials. 

Metal  end  caps  18  and  20  may  be  any  metallic  mate-  35 
rial  with  high  conductivity  and  high  modulus.  Brass, 
copper  and  aluminum  are  representative  materials  that 
are  suitable.  Requirements  of  the  bonding  material 
which  connect  end  caps  18  and  20  to  ceramic  disk  12  are 
strong  mechanical  bonding  between  metal  and  ceramic  40 
as  well  as  good  electrical  conductivity.  Examples  of 
such  nMterials  are  a  glass  flux  containing  silver  paste, 
metal  mesh  with  epoxy,  very  thin  layer  epoxy  solder  or 
active  meui  brazing  alloys. 

Referring  now  to  the  chart  shown  in  FIG.  3,  displace-  4S 
menu  measured  for  composite  actuators  driven  by  PZT 
and  PMN  ceramics  are  plotted  versus  volUge.  Dis- 
piacemenu  for  uncapped  PZT  and  PMN  ceramics  are 
shown  for  comparison.  As  shown,  displacemenu  larger 
than  10  microns  were  obtained  with  a  PMN  actuator  50 
having  brass  end  caps.  A  corresponding  curve  for  a 
composite  actuator  containing  PZT  shows  a  five  mi¬ 
cron  displacement.  Ceramic  displacemenu  without  end 
caps  were  on  the  order  of  one  micron. 

As  above  indicated,  one  actuator  whose  performance  55 
is  plotted  in  FIO.  3  was  a  PMN-PT  disk,  end  capped 
with  brass  duks.  Dimensions  of  this  sample  were  as 
follows  (using  the  dimensions  shown  in  FIG.  1). 
d»I3  mm;  dc»6  mm;  h— ISOmkrons;  dp~ll  mm; 
hpK  1  mm;  and  hm»0.4  mm.  60 

llie  applied  electric  field  was  1  kilovolt  per  millime¬ 
ter,  and  produced  a  10  micron  displacement.  It  is  to  be 
noted  that  each  of  the  plou  in  FIG.  3  shows  some  hyste¬ 
resis  which  should  be  taken  into  account  in  the  design  of 
the  actuator. 

A  PZT  901  disk,  end  capped  with  brass  disks  pro¬ 
duced  a  9.6  micron  displaMnient  at  one  kilovolt  per 
millimeter  applied  volUge.  The  dimensions  of  that  sam- 
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pie  were  as  follows:  d*  1 1  mm;  dp=  11  mm.  dc  =  t  mm. 
hp=  I  mm;  h  =  S0  microns;  and  hm=0.S  mm 

Referring  now  to  FIG  4,  a  sucked  actuator  arrange¬ 
ment  is  shown  comprising  a  plurality  of  individual  actu¬ 
ators  40,  42,  44  and  46.  alt  of  which  are  activated  in 
parallel  by  a  voluge  supply  applied  to  termmals  48  and 
49.  Separators  50  etuble  the  displacement  of  one  actua¬ 
tor  to  be  transmitted  to  an  adjacent  actuator.  Thus,  the 
respective  displacemenu  are  additive  and  provide  a 
total  displacement  that  is  a  multiple  of  a  single  trans¬ 
ducer. 

Turning  to  FIG.  5,  the  structure  shown  in  FIG.  I  has 
been  modified  to  employ  a  multilayer  ceramic  pan  60. 
Ceramic  part  60  comprises  a  plurality  of  ceramic  layers 
having  interdigiuted  electrodes  62  and  64.  Electrodes 
62  are  connected  to  terminal  66  whereas  electrodes  64 
are  connected  to  terminal  68.  By  utilizing  this  arrange¬ 
ment,  the  voluge  applied  across  electrodes  66  and  68 
can  be  reduced  in  value  while  still  achieving  a  desired 
voluge  per  millimeter  value.  The  operation  of  the  actu¬ 
ator  of  FIG.  5  is  in  other  respects,  identical  to  that 
shown  in  FIG.  1. 

Turning  now  to  FIGS.  6  and  7,  a  further  preferred 
arrangement  of  the  invention  is  shown.  In  this  case,  end 
caps  70  and  72  sandwich  ceramic  actuator  74.  which 
actuator  is  oriented  to  that  its  dat  poled  direction  is 
parallel  to  the  planar  dimensions  of  end  caps  70  and  72. 
Ceramic  actuator  74  is  multilayered,  as  shown  in  FIG. 
5.  Similarly,  it  comprises  a  plurality  of  interdigiuted 
conductive  layers  with  interspersed  ceramic  layers. 

When  the  actuator  of  FIG.  6  and  7  is  initially  con¬ 
structed,  end  caps  70  and  72  are  constructed  so  that 
their  overall  length  is  longer  than  ceramic  part  74. 
Then,  when  end  caps  70  and  72  are  bonded  to  ceramic 
part  74,  they  are  bonded  in  a  bowed  fashion  as  shown  by 
dotted  lines  80  and  82.  When,  a  potential  is  applied 
across  terminals  76  and  78,  multilayer  ceramic  74  ex¬ 
pands  in  the  direction  hown  by  arrow  86  and  causes 
end  caps  70  and  72  to  become  unbowed. 

Using  the  structure  shown  in  HOS.  6  and  7,  a  greater 
than  15  micron  displacement  was  obtained  using  an 
applied  voltage  of  150  voltt.  The  result  was  obtained 
with  only  one  metal  end  cap  in  place.  If  end  caps  are 
applied  to  both  sides  of  multilayer  ceramic  part  74,  a 
greater  than  30  micron  displacement  can  be  obtained  for 
same  applied  voluge.  Dimenrions  of  the  actuator 
shown  in  FIG.  6  ft  7  were  as  follows;  Lmv21.3  mm; 
Wm—  6.8  mm;  limKO.3  mm;  Lck20.9  mm;  Wcw9.6 
mm;  bca«9.6  nuD;  and  hmO.3  mm. 

EXPERIMENTAL  RESULTS 

Composiu  actuators  were  made  from  electroded 
PZT5A  disks  (1 1  mms  in  diameter  and  1  mm  thick)  and 
brass  end  caps  (13  mm  in  diameter  with  thicknesses 
ranging  from  0.4  to  3  mm).  Shallow  cavities  6  mm  in 
diameter  and  190  micron  center  depth  were  machined 
into  the  inner  surface  of  each  brass  cap.  The  PZT  disk 
and  the  end  caps  were  bonded  around  the  cveumfer- 
ence  taking  care  not  to  fill  the  cavity  OT  short  circuit  the 
ceramic  electrodes.  Silver  foil  (25  micron  thickness)  and 
silver  paste  were  used  as  bonding  materials.  The  com¬ 
posite  was  heated  to  600*  C.  under  stress  to  solidify  the 
bond.  After  cooling,  the  actuator  was  encapsulated 
using  Spurts  epoxy  resin,  followed  by  curing  at  70*  C. 
for  12  hours.  Electrodes  were  attached  to  the  brass  end 
caps  and  the  ceramic  was  poled  at  2.5  Mv/m  for  15 
minutes  in  an  oil  bath  held  at  120*  C. 
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The  direct  piezoelectric  coefTicient  was  measured  at  a 
frequency  of  100  Hz  using  a  Berlincourt  dja  meter.  The 
converse  piezoelectric  coefTicient  of  the  ceramic  was 
determined  with  a  laser  interferometer.  Displacements 
of  the  composite  actuator  were  measured  with  a  linear  i 
voltage  dilTerential  transducer  having  a  resolution  of 
approximately  O.OS  microns.  The  effective  daa  coeffici¬ 
ent  of  a  composite  was  obuined  by  dividing  the  strain 
by  the  applied  electric  field.  In  comparing  the  resulting 
daa  with  that  of  a  ceramic,  the  total  thickness  of  the 
composite  was  employed  in  calculating  the  field- 
induced  strain.  Resonant  frequencies  were  obtained 
with  a  Hewlett  Packard  L.  F.  Impedance  Analyzer 
Number  4192A. 

FIG.  8  shows  the  djj  coefficient  and  resonant  fre- 
quency  plotted  as  a  function  of  brass  cap  thickness.  As 
expected,  thinner  end  caps  flexed  easier,  resulting  in 
larger  piezoelectric  coefficients.  The  daj  values  were 
measured  at  the  center  of  the  brass  end  caps  using  a 
Berlincourt  djj  meter.  Values  as  high  as  2300  pC/N 
were  obtained,  approximately  five  times  that  of  PZT 
5A  alone.  The  fundamental  flextensional  resonant  fre¬ 
quency  decreased  rapidly  with  decreasing  brass  thick¬ 
ness,  dropping  to  less  than  20kHz  for  a  thickness  of  0.4 
mm. 

Piezoelectric  effects  were  largest  near  the  center  of 
the  transducer,  where  the  flexural  motion  was  largest. 
The  d33  values  as  a  function  of  position  are  shown  in 
FIG.  9.  Plots  are  shown  for  two  brass  thicknesses  of  0.4 
and  3.0  mm  respectively.  Ample  working  area  of  sev¬ 
eral  square  millimeters  was  obtained  with  the  actuators. 

Maximum  displacements  obtained  with  a  single  brass 
end  cap  on  an  actuator  are  shown  in  FIG.  10.  The  val¬ 
ues  were  recorded  with  the  LVDT  system  in  a  field  of 
1  MV/m  which  is  well  below  the  breakdown  field  of 
PZT.  The  largest  displacemenu  were  obtained  with 
actuators  having  thm  end  caps.  It  was  determined  that 
even  thin  end  caps  are  capable  of  exerting  forces  in 
excess  of  2  kgf.  Experiments  were  also  carried  out  with 
actuators  incorporating  PMN  ceramics.  As  mentioned 
above,  PMN  does  not  need  to  be  poled  because  it  uti¬ 
lizes  the  electrostrictive  effect  rather  than  piezoelectric 
electricity.  The  PMN  composite  actuator  results  are 
plotted  in  FIG.  3. 

It  should  be  understood  that  the  foregoing  descrip¬ 
tion  is  only  illustrative  of  the  invention.  Various  alterna¬ 
tives  and  modifications  can  be  devised  by  those  skilled 
in  the  art  without  departing  from  the  invention.  Ac¬ 
cordingly,  the  present  invention  is  intended  to  embrace  SO 
all  such  dtematives,  modifications  and  variances  which 
faU  within  the  scope  of  the  appended  fJ*™* 


We  claim: 

1.  An  actuator  comprising: 

circular  electroactive  ceramic  substrate  means  having 
a  pair  of  opposed  planar  surfaces  and  a  thickness 
aspect,  said  substrate  means  having  a  dii  direction 
parallel  to  said  thickness  aspect  and  d}i  and  dsj 
directions  parallel  to  said  planar  surfaces; 
conductive  electrodes  sandwiching  said  ceramic  sub¬ 
strate  means  and  covering  said  opposed  planar 
surfaces; 

a  first  metal  cap  having  a  concave  cavity  formed 
therein  and  exhibiting  a  continuous  rim  bounding 
said  cavity,  said  rim  bonded  about  its  entire  surface 
to  said  conductive  electrode  on  a  first  said  planar 
surface  of  said  ceramic  substrate  means: 
a  second  metal  cap  having  a  concave  cavity  formed 
therein  and  exhibiting  a  continuous  rim  bounding 
said  cavity,  said  rim  bonded  about  iu  entire  surface 
to  said  conductive  electrode  on  a  second  planar 
surface  of  said  ceramic  substrate  means,  said  sec¬ 
ond  plaiur  surface  opposed  to  said  first  planar 
surface;  and 

means  for  applying  a  potential  across  said  conductive 
electrodes  to  enable  a  field  in  the  d33  direction  that 
25  causes  a  contraction  of  said  ceramic  substrate 
means  in  the  dsi  and  d32  directions,  and  through 
said  bonded  rims,  a  flexure  of  lak)  metal  caps. 

2.  The  actuator  of  claim  1  wherein  said  electroactive 
ceramic  substrate  is  poled  along  with  d33  direction  and 

30  exhibitt  a  piezoelectric  characteristic. 

3.  The  actuator  of  claim  2  wherein  said  potential  is 
applied  to  said  metal  caps. 

4.  The  actuator  of  claim  1  wherein  said  electroactive 
ceramic  substrate  means  exhibiu  an  electrostrictive 

33  characteristic. 

8.  The  actuator  of  claim  1  wherein  said  electroactive 
ceramic  substrate  means  comprises  a  stack  of  ceramic 
substrates,  with  conductive  elecuodes  positioned  there¬ 
between,  said  meaiu  for  applying  a  potential  connecting 
40  one  potential  to  every  other  conductive  electrode  and 
connecting  another  potential  to  conductive  electrodes 
not  connected  to  said  one  potential. 

6.  The  actuator  of  claim  5  wherein  said  ceramic  sub¬ 
strates  and  conductive  electrodes  lie  in  planes  that  are 

43  parallel  to  said  conductive  electrodes. 

7.  An  actuator  comprising  a  plurality  of  actuators, 
each  actuator  structure  as  recit^  in  claim  1,  said  actu¬ 
ators  stacked  one  upon  the  other,  with  insulating  meant 
interspaced  therebetween,  said  means  for  applying  a 
potential  connected  in  parallel  to  said  plurality  of  actua¬ 
tors. 
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Abstract 

A  new  type  of  metal-ceramic  composite  transducer,  the  *Moonie.*  has  been 
developed  by  sandwiching  a  poled  lead  zirconate  titanate  (PZT)  ceramic  between  two 
specially  designed  metal  end  caps.  Piezoelectric  coefTicients  an  order  of  magnitude  larger 
than  PZT  were  obtained.  The  metal-ceramic  composites  are  being  developed  as  Tish 
nnders.  hydrophones,  actuaton,  and  transducers  with  integrated  sensing  and  actuating 
functions.  This  paper  describes  the  rooooie  prindpie,  optimization  of  the  moonie  design 
using  finite  element  analysis,  and  the  performance  of  the  device  for  several  different 
applications. 
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ivietai-cerainic  composite  iransoucer,  me  Moonie 

INTRODUCTION 

A  new  type  of  metal*cefamic  composite  transducer,  the  moonie,  has  been  developed 
by  sandwiching  a  poled  lead  zirconate  titanate  (PZT)  ceramic  between  two  specially 
designed  metal  end  caps.  Piezoelectric  coefncients  an  order  of  magnitude  larger  than  PZT 
were  obtained.  The  metal-ceramic  composites  are  being  developed  as  fish  finders, 
hydrophones,  actuators  and  transducers  with  integrated  sensing  and  actuating  functions. 
This  paper  describes  the  moonie  princi|rie.  optimization  of  the  moonie  design  using  finite 
element  analysis,  and  the  perfonnance  of  the  device  for  several  different  applicattoos. 

The  moonie  consist  of  a  jaezoelectric  or  electrostrictive  ceramic  disk  sandwiched 
between  two  metal  end  caps,  each  having  a  crescent-shaped  cavity  on  its  inner  surface 
(hence  the  name  *moonie*).  These  metal  end  plates  serve  as  mechanical  transformers  for 
converting  and  amplifying  the  lateral  displacement  of  the  ceramic  into  an  axial  motion 
normal  to  the  plat**  Both  the  djs  ^  <bi  coefficients  of  the  piezoceramic  contribute  lo  the 
axial  displacement  of  the  composite.  The  cavities  are  used  as  a  mechanical  transformer  for 
transforming  the  high  acoustic  impedance  of  the  ceramic  to  the  low  acoustic  impedance  of 
the  surrounding  medium.(l]-(6] 

Figure  1  shows  the  basic  configuration  of  the  moonie  transducer.  The  ceramic 
element  can  be  a  piezoelectric  ceramic  or  an  electrostrictive  ceramic  dtiier  in  single  layer  or 
multilayer  form.  Electrostrictive  ceramics  generally  show  less  hysteresis  than  PZT  but  are 
highly  nonlinear.  Multilayer  elements  consist  of  a  number  of  thin  ceramic  layers  with 
internal  diectrodes  thus  have  lower  drive  voltages. 


dm :  Metal  cap  diameter,  dp :  PZT  diameter,  dc :  Cavity  diameter,  h :  Cavity  depth 
tm :  Metal  cap  thickness,  tp :  PZT  thickness,  tb :  Bonding  layer  thickness 


Figure  1  The  cross  scctlonsl  view  of  the  moonic  transducer 


APPLICATIONS  OF  THE  MOONIE 


Table  I  shows  three  applications  of  the  moonie  tiansducer  hydrophones,  actuators, 
and  fish  finders.  The  materials  and  dimensions  listed  in  Table  1  were  chosen  after 
considering  the  properties  required  for  each  application.  Bonding  materials  and  dimensions 
are  the  key  factors  in  designing  the  properties.  Finite  Dement  Analysis  (FEA)  was  used  to 
optimize  the  geometry  of  the  moonie  transducer. 


Table  1  Applications  of  the  moonie  transducer 


Hydrophone 

Actuator 

Fish  Finder 

Function 

Pressure  sensor 

Mechanical  actuator 

Transcnver 

Metal 

Brass 

Brass 

Aluminum 

Ceramic 

FZT-5 

PZT-5.  PMN-PT 

pzr-4 

Bonding 

Ag  paste 

Ag  paste.  Epoxy 

Epoxy 

Diameter  (mm) 

11 

11 

27-45 

Thickness  (mm) 

5 

2-5 

10-20 

d33(pC/N) 

2500 

4500 

1500 

Feature 

high  sensitivity 

high  displacement 

low  side  lobes 

Imanaka  etal.  utilized  the  multilayer  moonie  actuator  to  control  the  scanning  angle 
for  a  micro-optical  scanner  Figure  2  shows  the  schematic  diagram  of  the  r^cal  scanner 
unit  containing  (he  multilayer  m(X)oie  actuator.  By  replacing  the  usual  multilayer  actuator 
with  a  multilayer  moonie,  reduction  of  the  operating  voltage  and  miniaturization  of  the 
optical  scanner  unit  size  were  adueved.r7]>P] 


nNITE  ELEMENT  ANALYSIS  (FEA) 

A  theoretical  analysis  of  the  PZT-metal  composite  was  performed  using  the  finite 
element  analyM  program,  SAP90.  A  quarter-section  axially  symmetric  model  is  shown  in 
Figure  3.  The  mesh  contained  27D  quadrilateral  shaped  elements  with  350  nodal  points. 
The  material  properties  used  in  this  analysis  ate  listed  in  Table  2. 
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Table  2.  Materials  properties  for  the  FEA 


Material 

Density 

(g/ertP) 

Young's  modulus 
(N/m2) 

Poisson's  ratio 

PZT-4 

7.6 

7.0x1010 

0.33 

PZT-5 

7.6 

7.0x1010 

0.33 

Brass 

8.4 

lO.SxlOio 

0.35 

Aluminum 

2.7 

6.9x1010 

0.33 

1.2 

2.5x100 

0.40 

CALCULATED  AND  EXPERIMENTAL  RESULTS 
(1)  Moonle  flsh  flnder 

A  Tish  rinder  is  an  underwater  transducer  which  converts  a  high  voltage  electrical 
pulse  to  mechanical  motion.  The  mechaitical  motion  creates  a  sound  wave  that  is 
transmitted  elTiciently  through  the  water  in  the  desired  direction.  The  sound  wave  reflects 
off  targets,  such  as  fish  or  the  bottom  of  the  water,  and  travels  back  to  the  transducer.  The 
reflected  sound  wave  'echo*  mechanically  deflects  the  transducer  and  a  very  low  voltage 
pulse  is  created.  The  distance  to  the  target  is  determined  by  measuring  the  time  difference 
between  the  transmitted  pulse  and  received  echo.(10]  In  some  fish  finder  applications, 
transducers  having  a  wide  main  lobe  without  side  lobes  are  used  in  searching  for  fish  over 
a  wide  area. 

Using  FEA  dynamic  analysis,  the  lowest  three  vibration  modes  were  calculated  and 
are  illustrated  in  Figure  4.  In  the  first  vibration  mode,  the  center  of  the  transducer  has 
maximum  displacement  The  first  vibration  mode  is  found  lo  be  useful  as  a  fish  finder 
it  has  a  wider  main  lobe  tiian  the  conventional  fish  Hiider  desigrLf^ 

The  resonant  frequencies  of  the  mooni  e  are  dependent  upon  such  dimensioiis  as  the 
metal  cap  diameter.  PZT  diameter,  cavi^  diameter,  metal  thickness.  PZT  thickness  and 


1st  vibration  mode 


3rd.  vibration  mode 


Figvra  4  Quarter  sectioa  views  ef  the  three  vibretioB  nodes  odcidated  bj  FEA 


sum 


cavity  depth.  By  using  FEA,  the  appropriate  shape  and  dimensions  can  be  designed  for  fish 
finders  with  selected  resonant  frequencies.  Figure  S  shows  good  agreement  between 
experimental  and  calculated  frequencies  for  the  first  resonant  mode.  In  Figure  6.  the  first 
resonant  frequencies  measured  in  actuators  with  different  brass  end  cap  thicknesses  are  also 
in  good  accordance  with  those  calculated. 

(2)  Moonie  hydrophone 

One  important  sensor  application  is  the  hydrophone,  a  device  used  to  detect  weak 
pressure  waves  in  fluids.  In  many  hydrq)hone  applications,  there  is  a  great  demand  for 
piezoelectric  transducers  with  high  pressure  tolerance,  high  dielectric  constant  (IC),  high 
hydrostatic  piezoelectric  charge  coefficient  (dh).  high  hydrostatic  voltage  coefficient  (gh). 
and  consequently  a  high  figure  of  merit  (dh.gh).  PZT  ceramics  have  high  d33  and  dai.  but 
their  dn  (=  dss  2  dai )  values  are  very  low  because  d3i  and  djs  have  opposite  signs.[10] 

In  the  last  decade,  several  piezoceramic  ceramic-polymer  composites  with  different 
connectiviQr  patterns  have  been  developed  for  hydrophone  and  medical  transducer 
applications  [11]*(14].  The  advantages  these  composites  over  ceramics  include  higher 
figure  of  merit  (di^gii)  to  enhance  the  sensitivity,  increased  mechanical  compliance,  smaller 
acoustic  impedance  for  matching  to  water  or  tissue,  and  lower  transverse  electromechanical 
coupling  coefficienL  Disadvantages  of  these  ceramic-polymer  composite  transducen 
however,  are  lower  dielectric  constant  and  lower  pressure  tolerance  than  their  ceramic 
counterparts. 

PZT'braas  composile  moonies  with  dimensions:  da  =  dpsll.O,  de=  7.6,  tps  1.1, 
tn^  1.2  and  h  s  0.15  (all  in  mm)  were  fabricated  for  the  experiment  The  brass  end  caps 
were  bonded  to  a  PCT-S  disk  with  csqxicitor  electrode  silver  paste  and  lired  at  600  ^  for 
10  min.  Brass  was  chosen  for  its  lower  thermal  expansion  coefficient  (approximately  IS 
ppm/<*Q. 
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FlgurtO  Compariaon  in  the  nrst  resonant  fk^uencies  calculated 

bj  FEA  with  experimental  values  plotted  as  a  fkmetion 
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Figure  <  Comparlaun  in  the  flnt  rceonant  fi^ucnclcs  calculated  by 
FEA  with  experimental  values  plotted  as  a  function  of  the 
brass  cap  thickness 

DImensloos :  dpBlO.8,  dmall  dca&S,  tpsl,  tb^02i  h«OJ  (all  hi  mm) 


The  moonie  composite  enhances  d),  by  converting  a  portion  of  the  z-directional 
stress  into  large  radial  stresses  of  opposite  sign,  thereby  causing  the  d33  and  d3i 
contributions  to  da  to  add  rather  than  subtract,  leading  to  a  high  da  thus  a  high  figure  of 
merit  Figure  7  shows  a  comparison  of  figure  of  merit  of  different  materials  and 
composites.  The  moonie  exceeds  50.000  x  lO-i^m^/N  in  the  figure  of  merit  which  is  500 
times  larger  than  the  PZT  ceramic.[3] 

Figure  8  shows  the  experimental  results  for  dh  and  gi,  plotted  as  a  function  of 
hydrosutic  pressure  up  to  1000  psi  (7.0  MPa).  The  moonie  hydrophone  transducer 
exhibits  a  high  figure  of  merit  as  well  as  a  high  pressure  tolerance  with  very  little  aging 
under  static  hydrostatic  pressures  of  350  psi  (2.5  MPa).  [3] 

Figures  9  show  the  results  of  the  stress  analysis  when  unit  hydrostatic  pressure  was 
applied  to  the  surface  of  the  transducer.  In  the  longitudinal  z-direction  (Figure  9a).  the 
stress  distribution  in  the  PZT  is  rather  complex.  There  are  13-15  units  of  compressive 
stress  concentration  at  the  inner  edge  of  the  bonding.  On  the  other  hand,  at  the  outer  edge 
of  the  PZT,  4-6  units  of  extensive  stress  concentration  is  induced.  Since  ceramics  are 
usually  weakest  under  tensile  stresses,  the  outer  edge  of  the  PZT  must  be  reinforced.  In  the 
radial  direction  (Figure  9b),  mainly  extensive  stresses,  shown  as  the  4-f  region  in  Figure 
9b,  are  induced  in  the  PZT  ceramics,  except  near  the  bonded  region.  A  similar  stress 
distribution  was  obtained  in  the  tangential  direction.  The  extensive  forces  in  the  radial  and 
tangential  direction  in  the  PZT,  couf^ed  to  the  moonie  structure,  make  the  moonie  a  highly 
sensitive  hydrophoae.[5] 


of  merit  of  different  materials  and  composites  for  hydrophone 
IllMM] 


Figure  S  dh  tnd  gk  of  the  moonic  hydrophone  at  a  fonctioB  of  hydrostatic  pressure 
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Figure  9s  LonditudinsI  z«directlonsl  stress  distribution 
under  unit  hydrostatic  pressure 


Figure  9b  Radial  rodirectional  stress  distribution 
under  unit  hydrostatic  pressure 
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(3)  Moonie  actuator 

Acniators  are  electromechanical  transducers  which  develop  useful  strains  by 
contrdling  an  electric  field  applied.  Figure  10  illustrates  the  two  common  types  of 
piezoelectric  actuator,  the  multilayer  ceramic  actuator  with  internal  electrodes,  and  the 
cantilevered  bimorph  actuator,  together  with  a  new  type  of  multistacked  multilayered 
moonie  (multi-multi  moonie).  Multi-multi  moonies  with  large  displacements  are  made  by 
inserting  multilayered  ceramic  actuators  between  moonie  end  caps  and  stacking  several 
moonies  together.  Normal  multilayer  acniators  produce  a  large  force,  but  only  small 
displacements.  Conversely,  bimorphs  produce  large  displacements  but  the  forces  are  very 
small.  The  moonie  actuator  combines  the  advantages  of  both  by  providing  both  targe 
displacements  and  reasonably  large  generative  force.[15] 

The  desirable  properties  of  actuators  are: 

1)  Large  displaoement  (Large  strain) 

2)  Small  hysteresis  (Position  itprodudbtlity) 

3)  Small  size  and  weight 

4)  High  power 

5)  Quick  response  time 

€)  Low  driving  voltage  | 

7)  i^tde  working  temperature  range 

8)  No  aging 

The  dependence  of  the  djs  coefficient  and  the  first  resonant  frequency  on  the  brass 
is  shown  in  Figure  11.  The  dimensions  of  the  P27r  moonies  wore  dm  »  1 1.2,  dp 
=10.8,  de=  8.5,  tp=  1.0,  t«i=  OJ  to  2.5,  tb*  0.02,  and  h  =  0.2  (ail  in  mm).  Silver  filled 
cpo](y  was  used  as  the  bonding  agent.  By  reducing  the  thickness  of  the  end  caps,  the  d33 
values  increase  dramatically.  Rezoeiectiic  effective  djs  coefficient  of  about  13,(XX)  pC/N 
was  obtained  for  brass  thicknesses  of  03  mm. 


1.  MuUilaytr  Typ«| 

(0«iOuai  f 


2.  Bimorph  Typtj 


ivttrfiipiMtM  f 


I  3.  Mult{«Mufti  Moonles  ] 


F%ttre  10  Two  common  Qnpe  of  octvftton  tnd  molci>molti  moonie  actuator 
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Figiir«  11  Bran  thidmcn  dependence  of  the  d33  and  the  lint  resonant  frequency 
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single  layer  moonte  actuator.  By  decreasing  the  brass  thickness,  the  displacement  increases 
in  the  same  manner  as  the  effective  d33  coefficient.  A  single  moonie  actuator  with  brass  cap 
thickness  of  0.3  mm  can  produce  a  22  fun  displacement  under  applied  electric  Held  of  1 
kV/mm. 

Figure  13  describes  the  relationship  between  displacement  and  applied  force  for  a 
moonie  actuator  having  0.3  mm  thick  brass  caps.  Even  though  the  displacements  are  very 
high  at  the  center  of  the  brass  end  caps,  the  generative  force  at  the  center  is  low.  Generative 
force  increases  when  the  location  of  the  measuring  point  is  moved  from  the  center  to  the 
edge,  while  displacement  decreases.  The  moonie  can  carry  300  grams  force  by  sacrin*  ing 
one  third  of  its  displacement,  reducing  the  value  from  22  to  13  pm. 

Figure  14  shows  the  displacement  versus  electric  Held  curves  for  a  doubly-stacked 
actuator  driven  by  PZT-5A  disk.  A  displacement  of  about  40  pm  can  be  obtained  under  a 
Held  of  1  kV/mm.  which  is  twice  the  single  moonie  displacement  and  neariy  20  dmes  that 
of  the  uncapped  ceramic. 

(4)  Integrated  Sensors  Sc  Actuators 

The  elimination  of  mechanical  vibration  or  acoustic  noise  has  adueved  considerable 
attendon  in  recent  years,  both  on  the  macroscopic  (smart  shock  absorbers)  and  microscopic 
(active  opdc  systems)  scale.  The  fundamental  parameters  that  must  be  considered  for  a 
vibration  control  device  are  its  response  time,  as  well  as  the  force  and  vilnetion 
displacement  am|4itude  that  has  to  be  caned.  Once  these  criteria  have  been  met  for  a 
particular  application,  it  then  becomes  desirable  to  reduce  costs  by  miniaturizing  and/or 
reducing  the  power  delivered  to  the  device. 

Using  this  information,  it  became  our  objective  to  fabricate  a  vibration  control 
device  based  on  the  moonie  actuator.  In  order  to  produce  the  most  dficient  device,  the 
sensing  and  actuating  functions  were  integrated  into  a  single  composite.  The  prototype 
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Figure  12  Brut  thkkncn  dependence  of  the  maximum  displacement  at 
the  center  of  ttw  epo:Qr  bondedmoonie  actuator  under  an 
applied  electric  field  of  1  kV/taim 


Dimensions :  dpslOJ,  dmsllJ,  desSJ,  tp*!.  tba0iQ2,  baOJ  (all  In  mm) 
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Figure  13  Displacement  vs.  loud  cunre  under  an  applied  1  kVAnm  dectrk 
field  for  the  moonle  actuator 

Dimensions :  dp«104  dm«Uw^  dca9A  tm^lkA  tp«1.0»  tbMl.02,  hcOJ 
(aOInmm) 
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Figure  14  The  displacement  vs.  electric  field  curves  forthe  moonie 
actuator  and  douUy-stacked  moonie  actuator 

Dimensions:  dp«10J,dnisll.2,dca8J,tpsl,tnia4l.3,tba4l.02,iiM>.2 
(all  in  mm) 


design  is  shown  in  Figure  15.  The  actuator  portion  of  the  device  consists  of  the  standard 
moonie.  1 1  mm  in  diameter  and  3  mm  thick.  The  sensor  is  a  separate  piece  of  piezoceramic 
(PZT),  0. 1  mm  thick,  which  was  imbedded  within  the  upper  end  cap.  The  sensor  detects 
sinusoidal  vibrations  normal  to  the  actuator  surface,  as  shown  in  the  Figure  IS.  then  via  a 
feedback  loop,  sends  a  signal  of  appropriate  amplitude  and  phase  back  to  the  actuator  so 
that  the  latter  effectively  cancels  the  external  vibration. 

The  ability  of  the  moonie  actuator  to  actively  contre^  external  vibrations  was 
determined  by  placing  the  device  atop  a  vibrating  multilayer  actuator  of  known  frequency 
and  displacement  amplitude.  The  dynamic  frequency  range  of  the  sensor  was  found  by 
applying  a  sinusoidal  AC  field  to  the  moonie  actuator  and  observing  the  resulting  vibration 
signal  on  an  oscilloscope.  The  response  remained  relatively  Hat  between  100  and  6000  Hz. 

The  data  in  Figure  16  show  that  the  integrated  sensor/actuator  device  can  indeed  be 
used  to  cancel  external  vibrations.  The  horizontal  axis  shows  the  1  kHz  electric  field 
applied  to  the  moonie  actuator  when  the  field  applied  (at  1  kHz)  to  the  multilayer  vibration 
source  was  either  75  V/mm.  125  V/mm,  or  250  V/mm.  The  vertical  axis  shows  the 
conesponding  net  vibration  signal  amplitude,  which  comes  from  the  sum  of  Ae  multilayer 
and  moonie  vibrations.  The  results  show  that  whenever  the  applied  fields  and  phase  shift 
into  the  moonie  are  adjusted  to  the  appropriate  magnitude,  the  net  vibration  signal  goes  to 
zero,  indicating  that  the  integrated  sensor/actuator  device  has  effectively  canceled  the 
external  vibration.  The  reason  the  phase  shift  is  I**  rather  than  the  expected  18(y>  wasdue  to 
the  polarizadon  direction  of  the  sensor  being  opposite  that  of  the  actuator. 

Figure  17  shows  how  the  net  vibration  signal  am(4itude  changes  with  {rfiase  shift 
when  the  applied  field  into  the  multilayer  is  125  V/mm  and  the  field  ^ied  to  die  moonie 
is  7.05  V/mm.  These  data  show  that  when  the  phase  shift  between  the  two  fidd  is  sltghdy 
greater  than  (P,  the  moonie  and  multilaym'  vibrations  have  the  same  displacement  amfditude 
and  are  exaedy  180^  out-of-phase,  lesdting  in  no  net  vibration  signal. 
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Figure  1<  Net  sensor  signal  response  for  three  different  field  applied  to 
the  multilayer  vibration  source  as  a  (Unction  of  electric  field 
applied  to  the  moonie  at  a  frequency  of  1  kHx 
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Figure  17  Sensor  signal  response  as  a  function  of  phase  shift  of  the 
eiectrk  field  applied  to  the  moonlc 


Figure  IS  shows  the  aji^iied  electric  Held  and  phase  shift  (feed  hack  »gnal)  needed 
to  be  supplied  to  the  moonie  actuator  in  order  to  cancel  the  external  vibration  over  the 
diown  frequency  range  when  the  field  applied  to  the  multilayer  was  75  V/mm. 

Figure  19  superimposes  the  subsequent  sensor  signal  amplitude  detected  from  the 
multilayer  vibration  U)>  \ce  both  with  and  without  the  feedback  signal  activated.  These  data 
show  that  when  the  feedback  field  given  in  Figure  18  is  activated,  the  multilayer  vibration 
signal  can  be  completely  suppressed  over  this  frequency  range.  The  reason  2500  Hz  was 
cnosen  as  the  cut-off  frequency  was  the  inability  to  prevent  "ultrasonic  floating*  (which 
arose  from  incomplete  coupling)  by  the  moonie  atc^  the  multilayer  at  higher  frequencies. 

The  minimum  and  maximum  electric  fields  into  the  moonie  actuator  for  which  the 
sensor  signal  remained  sinusoidal  were  200  V/mm  and  370  V/mm.  respectively,  and  were 
independent  of  frequency.  These  fields  thus  define  the  dynamic  displacement  range  that  the 
sensor  is  capable  of  detecting  as  being  between  035  nm  and  0.65  pm  (as  calculated  by 
finite  element  analysis).  (6] 

Lastly,  the  response  time  of  the  device,  20  psec,  was  estimated  from  the  resonant 
frequency  of  the  actuator,  50  kHz. 
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Figure  19  Sensor  signal  response  both  with  and  without  the  feedback 
circuit  activated 


SUMMARY 

1.  The  moonie  design  has  been  shown  lo  work  well  for  both  sensing  and  actuating 
functicms. 

2.  Three  specific  applications  for  the  moonie  have  been  developed  hydrophone  sensors, 
transceivers  for  Hsh  Tinders,  and  actuators. 

3.  Finite  Bement  Analysis  has  been  shown  to  be  an  effective  design  method  for  t^mizing 
the  properties  required  for  each  application. 

4.  PZT-brass  moonie  hydrophones  with  redistributed  stresses  show  a  very  high  Tigure  of 
merit  as  well  as  high  withstanding  hydrostatic  pressure. 

5.  A  single  moonie  actuator  with  brass  caps  0.3  mm  thick  has  effective  dss  coefficients  of 
about  13.000  pC/N,  and  can  produce  a  22  pm  displacement  under  applied  electric  Held 
of  1  kV/mm.  By  decreasing  the  brass  thickness,  the  displacement  increases  in  the  same 
manner  as  the  tbs  ooefficienL 

6.  A  doubly-stacked  actuator  produced  40  pm  displacement  under  a  field  of  1  kV/mm. 
which  was  twice  the  single  moonie  displacement  and  nearly  20  times  that  of  the 
uncapped  ceramic 

7.  The  newly  designed  integrated  sensor/actuator  device  has  effectively  canceled  the 


external  vibratioa. 
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